ESe-TR-96-106 


Quarterly  Technical  Report 


Solid  state  Research 


This  report  is  based  on  studies  performed  at  Lincoln  Laboratory,  a  center  for 
research  operated  by  Massachusetts  Institute  of  Technology ,  The  work  was  sponsored 
by  the  Department  of  the  Air  Force  under  Contract  F19628-95-C-0002. 

This  report  may  be  reproduced  to  satisfy  needs  of  U.S.  Government  agencies. 


The  ESC  Public  Affairs  Office  has  reviewed  this  report,  and 
it  is  releasable  to  the  National  Technical  Information  Service, 
where  it  will  be  available  to  the  general  public,  including 
foreign  nationals . 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 
FOR  THE  COMMANDER 


Contracted  Support  Management 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
LINCOLN  LABORATORY 

SOLID  STATE  RESEARCH 

QUARTERLY  TECHNICAL  REPORT 


1  AUGUST-31  OCTOBER  1996 

ISSUED  9  JULY  1997 

Approved  for  public  release;  distribution  is  unlimited. 


LEXINGTON 


MASSACHUSETTS 


ABSTRACT 

This  report  covers  in  detail  the  research  work  of  the  Solid  State  Division  at  Lincoln 
Laboratory  for  the  period  1  August  through  31  October  1996.  The  topics  covered  are 
Quantum  Electronics,  Electrooptical  Materials  and  Devices,  Submicrometer  Technology, 
High  Speed  Electronics,  Microelectronics,  Analog  Device  Technology,  and  Advanced 
Silicon  Technology.  Funding  is  provided  primarily  by  the  Air  Force,  with  additional 
support  provided  by  the  Army,  DARPA,  Navy,  BMDO,  NASA,  and  NIST. 


TABLE  OF  CONTENTS 


Abstract  iii 

List  of  Illustrations  vii 

List  of  Tables  ix 

Introduction  xi 

Reports  on  Solid  State  Research  xiii 

Organization  xxiii 

1.  QUANTUM  ELECTRONICS  1 

1.1  Microchip  Optical  Parametric  Oscillators  1 

2.  ELECTROOPTICAL  MATERIALS  AND  DEVICES  7 

2. 1  GalnAsSb/AlGaAsSb  Multiple-Quantum-Well  Diode  Lasers 

Grown  by  Organometallic  Vapor  Phase  Epitaxy  7 

2.2  High  Thermoelectric  Figures  of  Merit  in  p-Type  PbTe 

Quantum  Wells  10 

3.  SUBMICROMETER  TECHNOLOGY  19 

3 . 1  Thermal  Conductivity  Characterization  of  PECVD 

Microbolometer  Membrane  Materials  19 

4.  HIGH  SPEED  ELECTRONICS  27 

4.1  Self- Aligned  Pseudomorphic  HEMT  with  a  Low- 

Temperature-Grown  GaAs  Gate  Insulator  27 

5.  MICROELECTRONICS  31 

5.1  128  X  128-Pixel  Charge-Coupled  Device  Imager  and 

Camera  Electronics  31 

6.  ANALOG  DEVICE  TECHNOLOGY  35 

6.1  New  Self- Aligned  Planar  Resonant-Tunneling  Diode 

Process  for  Monolithic  Circuits  35 

7.  ADVANCED  SILICON  TECHNOLOGY  41 

7.1  1 .3-GHz  Silicon-on-Insulator  CMOS  Test  Chip  for  a 

Superconductive  Compressive  Receiver  41 


V 


Figure 

No. 

LIST  OF  ILLUSTRATIONS 

Page 

1-1 

Experimental  setup  for  frequency-quadrupled  optical  parametric  oscillator 
pumped  by  second  harmonic  of  a  high-power  diode-pumped  passively  g-switched 
microlaser.  FCDL,  fiber-coupled  diode  laser;  ML,  microlaser;  SHG,  second- 
harmonic  generator;  OPO,  optical  parametric  oscillator;  4HG,  fourth-harmonic 
generator. 

3 

0 

m 

1-2 

Calculated  threshold  for  a  doubly  resonant  (DRO)  and  singly  resonant  (SRO) 

KTP  optical  parametric  oscillator  pumped  by  a  frequency-doubled  microlaser.  The 
532-nm  output  of  the  pump  source  was  assumed  to  have  a  100-/im  radius  and  1-ns 
duration.  Ten  percent  output  coupling  was  used  for  the  signal  and  idler  wavelengths. 

The  length  of  the  KTP  was  set  equal  to  the  aperture  length  determined  by  walkoff, 
up  to  a  maximum  length  of  1  cm.  Threshold  was  set  at  1  /zJ  of  signal. 

4 

2-1 

Double-crystal  x-ray  diffiaction  rocking  curve  of  five-period  Gao.87Ino.13Aso.12Sbo.88/ 
Alo.28Gao.72Aso.02Sbo.98  multiple-quantum-well  (MQW)  structure  nominally  lattice 
matched  to  GaSb  substrate. 

8 

2-2 

Photoluminescence  spectra  measured  at  4  K  (solid  curve)  and  300  K  (dashed  curve) 
of  fiye-period  Gao.87Ino.13Aso.12Sbo.88/Alo.28Gao.72Aso.02Sbo.98  MQW  structure 
nominally  lattice  matched  to  GaSb  substrate. 

8 

2-3 

Threshold  current  density  as  a  function  of  inverse  cavity  length  of 
Gao.87Ino.13Aso.12Sbo.88/Alo.28Gao.72Aso.02Sbo.98  MQW  diode  laser. 

9 

2-4 

Emission  spectrum  of  Gao.87Ino.13Aso.12Sbo.88/Alo.28Gao.72Aso.02Sbo.98  MQW 
diode  laser. 

9 

2-5 

Seebeck  coefficient  vs  hole  carrier  concentration  for  bulk  p-type  PbTe  and  p-type 
Pbo.927Euo.o73Te/PbTe  MQW  structures.  Data  for  Na-  and  Tl-doped  bulk  layers  are 
also  shown. 

13 

2-6 

Constant-energy  surfaces  of  the  PbTe  valence  band  in  the  Brillouin  zone. 

14 

2-7 

Thermoelectric  power  factor  vs  carrier  concentration  for  the  best  p-type  bulk  PbTe 

samples,  a  single  BaF2-doped  epitaxial  PbTe  layer,  and  p-type  Pbo.927Euo.o73Te/PbTe 
quantum  wells. 

16 

* 

3-1 

Measured  thermal  resistances  of  silicon  dioxide  films  formed  by  electron-beam 
evaporation  (filled  squares)  and  thermal  oxidation  (open  squares).  Lines  show  linear 
fit  resulting  in  values  of  thermal  conductivities  of  0.618  and  1.065  W/mK  for 
evaporated  and  thermally  grown  films,  respectively. 

20 

3-2 

Measured  thermal  resistances  of  sputtered  silicon  nitride  films  of  various  thicknesses. 
Line  shows  linear  fit  resulting  in  a  value  of  thermal  conductivity  of  1 .20  W/mK. 

21 

vii 

LIST  OF  ILLUSTRATIONS  (Continued) 


Page 


Figure 

No. 

3-3  Measured  thermal  resistances  of  spin-applied  polymethylmethacrylate  (PMMA)  films 
of  various  thicknesses  measured  just  after  application  (open  circles)  and  several  days 
later  (closed  circles).  The  resulting  thermal  conductivity  values  were  0.135  and 
0.147  W/mK,  respectively. 

3-4  Measured  thermal  resistances  of  hard-baked  novolac -based  photoresist  films.  Line 

shows  linear  fit  resulting  in  a  value  of  thermal  conductivity  of  0.184  W/mK.  Note  that 
the  films  are  much  thicker  than  the  PMMA  films  of  Figure  3-3. 

3-5  Measured  thermal  resistances  of  plasma-deposited  organosilicon  films.  Line  shows 
linear  fit  resulting  in  a  value  of  thermal  conductivity  of  0.287  W/mK,  lower  than  that 
for  oxide  but  higher  than  for  the  polymers  of  Figures  3-3  and  3-4. 

3- 6  Measured  thermal  resistances  of  plasma-deposited  hard  carbon  films.  Line  shows  linear 

fit  resulting  in  a  value  of  thermal  conductivity  of  0.268  W/mK. 

4- 1  Cross-sectional  view  of  the  low-temperature-grown  (LTG)  GaAs  pseudomorphic 

high-electron-mobility  transistor. 

4- 2  DC  characteristics  of  the  LTG-GaAs  metal-insulator-semiconductor  field-effect 

transistor  with  100-jUm-wide  gate:  (a)  /ds'l^ds  with  top  Vgs  =  3  V,  and  (b)  /ds  and  gf^ 
as  a  function  of  Vgs  at  Vds  =  1 .5  V. 

5- 1  Schematic  and  photograph  of  a  128  x  128-pixel  charge-coupled  device  imager  with  a 

split  frame  architecture  and  16  readout  amplifiers. 

5- 2  Photographs  of  multilayer  printed  circuit  boards  that  constitute  the  electronic  board  set. 

Not  shown  in  this  particular  view  is  the  tumng  board. 

6- 1  Typical  resonant-tunneling  diode  (RTD)  current-voltage  (I-V)  curve. 

6-2  Planar  self-aligned  implant-defined  RTD  process,  illustrated  by  surface  scanning 
electron  micrograph  with  schematic  cutaway  of  stracture. 

6-3  Chip  level  device  uniformity  illustrated  by  histogram  of  peak  currents  from 

60  neighboring  (2  x  2-mm  area)  2  x  2-/im  RTDs  of  identical  layout.  The  inset  shows 
an  overlay  of  I-V  curves  of  the  same  60  RTDs. 

6- 4  Estimated  circuit  yield  as  a  function  of  standard  deviation  in  RTD  peak  currents  for 

various  levels  of  circuit  complexity  based  on  calculations  for  an  XOR  gate. 

7-  1  Silicon-on-insulator  CMOS  test  chip  for  compressive  receiver. 

7-2  Cross  section  of  decoupling  capacitor;  four  capacitors  are  distributed  around  the  chip. 
7-3  Compressive  receiver  test  circuit  results. 


22 

22 

23 

23 

27 

29 

31 

32 

35 

36 

38 

39 

42 

43 

44 


vm 


LIST  OF  TABLES 


Table 

No. 

Page 

2-1 

Parameters  of  5-Doped  p-Type  Pbo.927Euo.o73Te/PbTe 

Multiple-Quantum- Well  Structures 

11 

2-2 

More  Parameters  of  5-Doped  p-Type  Pbo.927Euo.073Te/PbTe 

Multiple-Quantum-Well  Structures 

12 

2-3 

Thermoelectric  Properties  of  High-Quality  p-Type  Bulk  PbTe  Samples 

13 

2-4 

Thermoelectric  Properties  at  300  K  of  p-Type  Pbo.927Euo.o73Te/PbTe 
Multiple-Quantum-Well  Samples 

15 

2-5 

Best  Measured  Power  Factors  and  Estimated  Overall  Thermoelectric  Figures  of 

Merit  ZyoT  for  2.0-nm-Thick  PbTe  Quantum-Well  Stmctures  at  300  K 

17 

IX 


INTRODUCTION 


1.  QUANTUM  ELECTRONICS 

The  frequency-doubled  output  of  a  high-power  passively  ^-switched  Nd:YAG  microlaser  has  been 
used  to  pump  a  KTP  doubly  resonant  miniature  monolithic  Fabry-Perot  (microchip)  optical  parametric 
oscillator  with  20%  conversion  efficiency,  generating  the  shortest  pulses  reported  for  an  optical  parametric 
oscillator  pumped  with  individual  Q-switched  pulses.  The  8 600-ps  pulses  from  the  parametric  oscillator 
were  subsequently  frequency  quadmpled  into  the  ultraviolet  with  3%  efficiency. 

2.  ELECTROOPTICAL  MATERIALS  AND  DEVICES 

Organometallic  vapor  phase  epitaxy  has  been  used  to  grow  a  Gao.87Ino.13Aso.12Sbo.88/ 
Alo.O6Gao.04Aso.05Sbo.95  multiple-quantum- well  diode  laser  structure.  Devices  emitting  at  2.1  fjm  exhibit 
pulsed  threshold  current  densitites  as  low  as  1.2  kA/cm^. 

High-quality p-type  Pbi_;tEu;cTe/PbTe  multiple-quantum- well  stractures  have  been  grown  by  molecu¬ 
lar-beam  epitaxy  with  two-dimensional  thermoelectric  power  factors  and  figures  of  merit  that  are  over  4x 
better  than  those  of  the  best  bulk  PbTe.  A  room-temperature  power  factor  Pf2d  =  160  pWcm“lK“^  was 
measured  and  a  400-K  figure  of  merit  Z^qT  >  2.3  was  estimated  for  the  p-type  quantum  wells. 

3.  SUBMICROMETER  TECHNOLOGY 

Plasma-enhanced  chemical-vapor-deposition  techniques  have  been  developed  to  deposit  thin  film 
materials  with  low  thermal  conductivity  for  microbolometer  applications.  A  new  instrument,  based  on 
photoacoustic  measurements,  was  used  to  characterize  the  thermal  conductivity  of  these  films. 

4.  HIGH  SPEED  ELECTRONICS 

A  new  enhancement-mode  GaAs  pseudomorphic  high-electron-mobility  transistor  (pHEMT)  with  a 
low-temperature-grown  (LTG)  GaAs  gate  insulator  has  been  developed,  in  which  the  source  and  drain  are 
doped  by  a  self-aligned  implant  and  no  gate  recess  is  needed.  The  LTG-GaAs  gate  insulator  drastically  reduces 
the  gate  leakage  current,  allowing  a  maximum  drain  current  of  390  mA/mm  obtained  at  3  V  of  forward  gate 
bias;  the  maximum  transconductance  is  330  mS/mm  and  the  cutoff  frequency  is  14.3  GHz  for  pHEMTs  with 
a  0.5-pm  gate  length. 

5.  MICROELECTRONICS 

A  high-frame-rate,  high-sensitivity  and  low-noise  digital  camera  system  with  multiple  operating  modes 
has  been  developed  for  use  in  a  visible  wavefront  sensor.  The  camera  system  consists  of  a  back-illuminated 
128  X  128-pixel  eharge-coupled  device  imager  with  an  integrated  shutter  and  an  electronic  board  set  with 
flexible  digital  timing  and  low-noise  video  post-processing  circuitry. 
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6.  ANALOG  DEVICE  TECHNOLOGY 


A  new  self-aligned  planar  fabrication  process  for  monolithic  circuits  based  on  resonant-tunneling 
diodes  has  been  developed.  Compared  to  previous  techniques,  this  process  provides  significantly  improved 
device  uniformity. 

7.  ADVANCED  SILICON  TECHNOLOGY 

A  1.3-GHz  silicon-on-insulator  (SOI)  CMOS  chip  has  been  designed  and  tested  to  demonstrate  the 
suitability  of  the  SOI  CMOS  process  for  a  compressive  receiver  system  being  developed  based  on  a 
superconducting  chirp  filter.  The  chip  contains  circuits  similar  to  those  needed  for  processing  the  digital 
signals  that  will  be  produced  by  the  front  end  of  the  compressive  receiver. 


REPORTS  ON  SOLID  STATE  RESEARCH 


1  AUGUST  THROUGH  31  OCTOBER  1996 


PUBLICATIONS 

High  CW  Power  (>  200  mW/Facet) 
at  3.4  iim  from  InAsSb/InAlAsSb 
Strained  Quantum  Well  Diode 

Lasers 

H.  K.  Choi 

G.  W.  Turner 

M.  J.  Manfra 

Electron.  Lett.  32,  1296 
(1996) 

Ferrite-Superconductor  Devices  for 
Advanced  Microwave  Applications 

G.  F.  Dionne 

D.  E.  Oates 

D.  H.  Temme 

J.  A.  Weiss 

IEEE  Trans.  Microwave 
Theory  Tech.  44,  1361 
(1996) 

Nondegenerate  Fom-Wave  Mixing 
Wavelength  Conversion  in  Low-Loss 
Passive  InGaAsP-InP  Quantum- 
Well  Waveguides 

J.  P.  Donnelly 

H.  Q.  Le 

E.  A.  Swanson 

S.  H.  Groves 

A.  Darwish* 

E.  P.  Ippen* 

IEEE  Photon.  Technol.  Lett. 
8,  623  (1996) 

High-Power  1 .3-jum  InGaAsP-InP 
Amplifiers  with  Tapered  Gain 

Regions 

J.  P.  Donnelly 

J.  N.  Walpole 

G.  E.  Betts 

S.  H.  Groves 

J.  D.  Woodhouse 

F.  J.  O’Donnell 

L.  J.  Missaggia 

R.  J.  Bailey 

A.  Napoleone 

IEEE  Photon.  Technol.  Lett. 
8, 1450  (1996) 

Fabrication  and  Theory  of  Diamond 
Emitters 

M.  W.  Geis 

J.  C.  Twichell 

T.  M.  Lyszczarz 

Lincoln  Laboratory  J. 

8, 161  (1995) 

xiii 


*Author  not  at  Lincoln  Laboratory. 


Light  Scattering  in  High-Dislocation- 
Density  GaN 


Optoelectronic  and  Structural 
Properties  of  High-Quality  GaN 
Grown  by  Hydride  Vapor  Phase 
Epitaxy 


Hydride  Vapor  Phase  Epitaxy  of 
Gallium  Nitride  Films  for 
Quasi-Bulk  Substrates 


An  Optical  Correlator  Using  a 
Low-Temperature-Grown  GaAs 
Photoconduetor 


Diffraction-Limited  L3-/tm-Wavelength 
Tapered-Gain-Region  Lasers  with 
>  1-W  CW  Output  Power 


Lattice-Matched  GaSb/AlGaAsSb 
Double-Heterostmcture  Diode 
Lasers  Grown  by  MOVPE 

Ultraviolet  Generation  with  Passively 
g-Switched  Microchip  Lasers 


Z.  L.  Liau 
R.  L.  Aggarwal 

P.  A.  Maki 
R.  J.  Molnar 
J.  N.  Walpole 

R.  C.  Williamson 
I.  Melngailis 

R.  J.  Molnar 
R.  Aggarwal 
Z.  L.  Liau 
E.  R.  Brown 

I.  Melngailis 
W.  Gotz* 

L.  T.  Romano* 
N.  M.  Johnson* 

R.  J.  Molnar 
W.  Gotz* 

L.  T.  Romano* 
N.  M.  Johnson* 

S.  Verghese 
N.  Zamdmer* 

Q. Hu* 

E.  R.  Brown 
A.  Forster* 

J.  N.  Walpole 
J.  P.  Donnelly 
S.  H.  Groves 
L.  J.  Missaggia 
J.  D.  Woodhouse 

R.  J.  Bailey 
A.  Napoleone 

C.  A.  Wang 
H.  K.  Choi 


J.  J.  Zayhowski 


*Author  not  at  Lincoln  Laboratory. 


Appl.  Phys.  Lett.  69, 1665 
(1996) 


Mater.  Res.  Soc.  Symp. 
Proc.  395, 189  (1996) 


Electrochem.  Soc.  Proc. 
96-11, 212  (1996) 


Appl.  Phys.  Lett.  69,  842 
(1996) 


IEEE  Photon.  Technol.  Lett. 
8, 1429  (1996) 


Electron.  Lett.  32, 1779 
(1996) 

Opt.  Lett.  21, 1618  (1996) 


XIV 


ACCEPTED  FOR  PUBLICATION 


Use  of  CCD  Imagers  for  Charged- 
Particle  Spectroscopy 


Mid  Infrared  Semiconductor  Lasers 

Superconductivity  for  Improved 
Microwave  Ferrite  Devices 


Calorimetric  Measurements  of  Optical 
Materials  for  193  nm  Lithography 


Identification  and  Modeling  of 
Microwave  Loss  Mechanisms 
in  YBa2Cu307_;t 

Plasma-Deposited  Silylation  Resist  for 
193-nm  Lithography 


Status  of  193-nm  Lithography 
Development  at  Lincoln  Laboratory 


B.  E.  Burke 

R.  D.  Petrasso* 

C.  K.  Li* 

T.  C.  Hotaling 

H.  K.  Choi 

G.  F.  Dioime 

D.  H.  Temme 
D.  E.  Oates 

J.  A.  Weiss 

A.  Grenville 
R.  Uttaro 

J.  H.  C.  Sedlacek 
M.  Rothschild 
D.  Corliss 

J.  Herd* 

D.  E.  Oates 
J.  Halbritter* 

M.  W.  Horn 

B.  E.  Maxwell 
R.  B.  Goodman 
R.  R.  Kunz 

L.  M.  Eriksen 

R.  R.  Kunz 
J.  A.  Bums 

S.  G.  Cann 

C.  L.  Keast 

M.  W.  Horn 

S.  C.  Palmateer 
M.  Rothschild 

D.  C.  Shaver 


Rev.  Sci.  Instrum. 


Rev.  Laser  Eng. 
Lincoln  Laboratory  J. 


J.  Vac.  Sci.  Technol.  B 


IEEE  Trans.  Appl. 
Supercond. 


J.  Vac.  Sci.  Technol.  B 


Jpn.  J.  Appl.  Phys. 


*Author  not  at  Lincoln  Laboratory. 


XV 


Broad  Wavelength  Tunability 
of  Grating-Coupled  External  Cavity 
Mid-Infrared  Semiconductor  Lasers 

H.  Q.  Le 

G.  W.  Turner 

J.  R.  Ochoa 

M.  J.  Manfra 

C.  C.  Cook 

Y.-H.  Zhang* 

Appl  Phys,  Lett 

Simple  Compact  Diode  Laser- 
Microlens  Packaging 

Z-L.  Liau 

D.  Z.  Tsang* 

J.  N.  Walpole 

IEEE  J.  Quantum  Electron, 

High-r^  Superconductive  Wideband 
Compressive  Receivers 

W.  G.  Lyons 

D.  R.  Arsenault 

A.  C.  Anderson 

P.  G.  Murphy 

R.  W.  Ralston 

M.  M.  Seaver 

R.  L.  Slattery 

T.  C.  L.  G.  Sollner 

Lincoln  Laboratory  J, 

Wideband  Compressive  Receiver 

Based  on  Advanced  Superconductor 
and  Semiconductor  Circuits 

W.  G.  Lyons 

D.  R.  Arsenault 

T.  C.  L.  G.  Sollner 

R.  W.  Ralston 

IEEE  Trans,  Appl 

Supercond, 

X-Ray  Photo  Emission  Spectroscopy 
Study  of  Oxidized  GaN 

R.  J.  Molnar 

Appl  Phys.  Lett 

Superconductivity  for  Improved 
Microwave  Ferrite  Devices 

D.  E.  Oates 

G.  F.  Dionne 

D.  H.  Temme 

J.  A.  Weiss 

Lincoln  Laboratory  J, 

Power  Dependence  of  Microwave 

Zs  in  High-Tc  Josephson  Junctions: 
Measurements  and  Modeling 

D.  E.  Oates 

Y.  M.  Habib* 

G.  Dresselhaus* 

M.  S.  Dresselhaus* 

IEEE  Trans.  Appl 

Supercond. 

■* 

*Author  not  at  Lincoln  Laboratory. 


XVI 


IEEE  Trans.  Electron  Devices 


Rev.  Sci.  Instrum. 


J.  Vac.  Sci.  Technol.  B 


*Author  not  at  Lincoln  Laboratory. 


Sub-Poisson  Statistics  Observed 
in  an  Electronically  Shuttered  and 
Back-Hluminated  CCD  Pixel 


R.  K.  Reich 


High  Performance  CCD  Imager 
Technology  for  Plasma  Diagnostics 


R.  K.  Reich 
W.  M.  McGonagle 
J.  A.  Gregory 
R.  W.  Mountain 
B.  B.  Kosicki 
E.  D.  Savoye 


How  Practical  Is  193-nm  Lithography? 


M.  Rothschild 
J.  H.  C.  Sedlacek 
S.  Schenker* 

W.  G.  Oldham* 
A.  Grenville 


xvn 


PRESENTATIONSt 


Calorimetric  Measurements  of  Optical 
Materials  for  193  nm  Lithography 


A.  Grenville 
R.  Uttaro 
J.  H.  C.  Sedlacek 
M.  Rothschild 
D.  Corliss 


All-Dry  Resist  Process  for  193-nm 
Lithography 


Practical  Implementation  of  a  Top 
Surface  Imaging  Silylation  Resist 
into  Device  Fabrication  at  193  nm 


M.  W.  Horn 

R.  R.  Kunz 

S.  C.  Palmateer 
E.  Reichmanis* 
O.  Nalamasu* 
A.  Novembre* 
G.  Dabbagh* 

S.  C.  Palmateer 
A.  R.  Forte 
C.  L.  Keast 
R.  R.  Kunz 


2nd  International  Symposium 
on  193  nm  Lithography, 
Colorado  Springs,  Colorado, 
30  July-2  August  1996 


Laser  Induced  Damage  in  Optical 
Materials 


M.  Rothschild 
J.  H.  C.  Sedlacek 
R.  Uttaro 
M.  Fritze 
R.  Schenker* 

W.  G.  Oldham* 
D.  Corliss 


*Author  not  at  Lincoln  Laboratory. 

^Titles  of  presentations  are  listed  for  information  only.  No  copies  are  available  for  distribution. 


xvm 


Thin  Film  Superconducting  Filters 
for  PCS  Transmit  Applications 

E.  De  Obaldia* 

Z.Ma* 

P.  Polakos* 

P.  Mankiewich* 
R.  Batlogg 

A.  C.  Anderson 
R.  L.  Slattery 

D.  E.  Oates 

G.  Liang* 

D.  Zhang* 

Development  of  Superconductive 

Circuit  Components  for  Sensing 
and  Routing  Data  in  a  Switching 

Network 

D.  A.  Feld 

J.  P.  Sage 

RF  Power  Dependence  Study  of 

Large  Area  YBCO  Thin  Films 

Z.  Ma* 

E.  De  Obaldia* 
P.  Polakos* 

P.  Mankiewich* 
B.  Batlogg* 

W.  Prasseit* 

A.  C.  Anderson 
D.  E.  Oates 

R.  Ono* 

Superconductor  Ferrite  Phase  Shifters 
and  Circulators 

D.  E.  Oates 

G.  F.  Dionne 

D.  H.  Temme 

J.  A.  Weiss 

Tunable  YBCO  Resonators  on  YIG 
Substrates 

D.  E.  Oates 

A.  Pique* 

G.  F.  Dionne 

Mixed  Analog  Digital  Niobium 
Superconductive  Circuits  for  a 
2-Gigachip-per-Second  Spread 

Spectrum  Modem 

J.  P.  Sage 

D.  A.  Feld 

*Author  not  at  Lincoln  Laboratory. 


Applied  Superconductivity 
Conference, 

Pittsburgh,  Pennsylvania, 
25-30  August  1996 


XIX 


Microwave  Ferrites  for  Cryogenic 
Applications 

G.  F.  Dionne 

International  Conference  on 
Ferrites, 

Bordeaux,  France, 

3-6  September  1996 

Laser  Induced  Pellicle  Damage 
at  193  nm 

A.  Grenville 

M.  Rothschild 

J.  H.  C.  Sedlacek 

D.  Corliss 

P.  Gardner* 

Photomask  Technology  ’96 
Symposium, 

Redwood  City,  California, 
18-20  September  1996 

Optical  Lithography  in  Semiconductor 
Manufacturing 

M.  Rothschild 

Meeting  of  New  England 
Chapter  of  Optical  Society  of 
America, 

Waltham,  Massachusetts, 

19  September  1996 

Electron  Emission  from  Diamond 

M.  W.  Geis 

J.  C.  Twichell 

T.  M.  Lyszczarz 

American  Vacuum  Society 
Meeting, 

Burlington,  Massachusetts, 

2  October  1996 

Large- Area  Back-Illuminated  CCD 

J.  A.  Gregory  \ 

B.  E.  Burke 

R.  W.  Mountain 

B.  B.  Kosicki 

E.  D.  Savoye 

V.  S.  Dolat 

T.  L.  Lind 

A.  H.  Loomis 

D.  J.  Young 

G.  A.  Luppino* 

J.  Tonry* 

European  Southern 
Observatory  Workshop 
on  Optical  Detectors 
'  for  Astronomy, 

Garching,  Germany, 

8-10  October  1996 

Image  Stabilization  with  the 
Orthogonal-Transfer  CCD 

J.  Tonry* 

B.  E.  Burke  j 

*Author  not  at  Lincoln  Laboratory. 


XX 


Photolithography  at  193  nm — ^How  M.  Rothschild 

Mature  Is  It? 


193-nm  Lithography  R.  R.  Kunz 


Optical  Society  of  America 
Meeting,  Integrated  Laser 
Science  XII,  Optics  and 
Imaging, 

Rochester,  New  York, 

20-25  October  1996 

International  Conference  on 
Mask  Technology  for  IC  and 
Micro  Components, 

Munich,  Germany, 

23-24  October  1996 


XXI 


ORGANIZATION 


SOLID  STATE  DIVISION 

D.  C.  Shaver,  Head 

1.  Melngailis,  Associate  Head 
R.  W.  Ralston,  Associate  Head 

J.  F.  Goodwin,  Assistant 

A.  L.  McWhorter,  Fellow 
D.  Abusch-Magder,  Research  Assistant 
J.  T.  Chiou,  Research  Assistant 
J.  P.  Mattia,  Research  Assistant 
N.  L.  DeMeo,  Jr.,  Associate  Staff 
J.  W.  Gaunt,  Assistant  Staff 

K.  J.  Challberg,  Administrative  Staff 
J.  D.  Pendergast,  Administrative  Staff 


SUBMICROMETER  TECHNOLOGY 


QUANTUM  ELECTRONICS 


M.  Rothschild,  Leader 
T.  M.  Lyszczarz,  Assistant  Leader 

L.  H.  Dubois,  Senior  Staff^ 


Astolfi,  D.  K. 
Bloomstein,  T.  M. 
Craig,  D.  M. 
DiNatale,  W.  F. 
Doran,  S.  P. 
Efremow,  N.  N.,  Jr. 
Forte,  A.  R. 

Geis,  M.  W. 
Goodman,  R.  B. 
Hartney,  M.  A. 
Horn,  M.  W. 


Krohn,  K.  E. 
Kunz,  R.  R. 

Maki,  P.  A. 
Palmacci,  S.  T. 
Palmateer,  S.  C. 
Reinold,  J.  H.,  Jr. 
Sedlacek,  J.  H.  C. 
Stem,  M.  B. 
Twichell,  J.  C. 
Uttaro,  R.  S. 


A.  Sanchez-Rubio,  Leader 
T.  Y.  Fan,  Assistant  Leader 


Aggarwal,  R.  L. 
Cook,  C.  C. 
Daneu,  J.  L. 
Daneu,  V. 
DiCecca,  S. 


Dill,  c.,  m 

Jeys,  T.  H. 

Le,  H.  Q. 
Ochoa,  J.  R. 
Zayhowski,  J.  J. 


ELECTROOPTICAL  MATERIALS  AND  DEVICES 


Bailey,  R.  J. 
Betts,  G.  E. 
Chen,  C.  K. 
Choi,  H.  K. 
Connors,  M.  K. 
Cronin,  S.* 
Donnelly,  J.  P. 
Goodhue,  W.  D. 
Groves,  S.  H. 


B.  Y.  Tsaur,  Leader 
D.  L.  Spears,  Assistant  Leader 
R.  C.  Williamson,  Senior  Staff 

Harman,  T.  C. 

Herrmann,  F.  P. 

Krohn,  L.,  Jr. 

Liau,  Z.  L. 

Manfra,  M.  J. 

Missaggia,  L.  J. 

Mull,  D.  E. 

Napoleone,  A. 

Nee,  P.* 


Nitishin,  P.  M. 
O’Donnell,  F.  J. 
Paul,  S.  A.* 
Poillucci,  R.  J. 
Reeder,  R.  E. 
Santiago,  D.  D. 
Turner,  G.  W. 
Walpole,  J.  N. 
Wang,  C.  A. 


*  Research  Assistant 

'  Intergovernmental  Personnel  Act  assignment 


xxm 


fflGH  SPEED  ELECTRONICS 


ANALOG  DEVICE  TECHNOLOGY 


M.  A.  Hollis,  Leader 
E.  R.  Brown,  Assistant  Leader^ 
R.  A.  Murphy,  Senior  Staff 


T.  C.  L.  G.  Sollner,  Leader 
L.  M.  Johnson,  Assistant  Leader 

A.  C.  Anderson,  Senior  Staff 


Bozler,  C.  O. 
Calawa,  A.  R.^ 
Calawa,  S.  D, 
Chen,  C.  L. 
Graves,  C.  A. 
Harris,  C.  T. 
Mahoney,  L.  J. 
Mathews,  R.  H. 


McIntosh,  K.  A. 
McMahon,  O.  B. 
Molnar,  R.  J. 
Rabe,  S. 
Rathman,  D.  D. 
Verghese,  S. 
Young,  A.  M. 


Ala’ilima,  T.  F. 
Arsenault,  D.  R. 
Boisvert,  R.  R. 
Feld,  D.  A. 
Fitch,  G.  L. 
Hamm,  J.  M. 
Holtham,  J.  H. 
Lyons,  W.  G. 


Macedo,  E.  M.,  Jr. 
McClure,  D.  W. 
Murphy,  P.  G. 
Oates,  D.  E. 

Sage,  J.  P. 

Seaver,  M.  M. 
Slattery,  R.  L. 


MICROELECTRONICS 


ADVANCED  SILICON  TECHNOLOGY 


E.  D.  Savoye,  Leader 

B.  B.  Kosicki,  Associate  Leader 
B.  B.  Burke,  Senior  Staff 


C.  L.  Keast,  Leader 
P.  W.  Wyatt,  Associate  Leader 
A.  H.  Anderson,  Senior  Staff 


Aull,  B.  F. 
Daniels,  P.  J. 
Doherty,  C.  L.,  Jr. 
Dolat,  V.  S. 
Donahue,  T.  C. 
Felton,  B.  J. 
Gregory,  J.  A. 
Hotaling,  T.  C. 


Johnson,  K.  F. 
Lind,  T.  A. 
Loomis,  A.  H. 
McGonagle,  W.  H. 
Mountain,  R.  W. 
Percival,  K.  A. 
Reich,  R.  K. 
Young,  D.  J. 


Berger,  R. 
Bums,  J.  A. 
Davis,  P.  V. 
D’Onofrio,  R.  P. 
Frankel,  R.  S. 
Fritze,  M. 
Herndon,  T.  O. 
Knecht,  J.  M. 


Liu,  H.  I. 
Newcomb,  K.  L. 
Sexton,  S.  V. 
Soares,  A.  M. 
Suntharalingam,  V. 
Wachtmann,  B.  K. 
Young,  G.  R. 


i  Part  Time 

t  Intergovernmental  Personnel  Act  assignment 


xxiv 


1.  QUANTUM  ELECTRONICS 


1.1  MICROCHIP  OPTICAL  PARAMETRIC  OSCILLATORS 


Diode-pumped  passively  Q-switched  Nd:YAG  microlasers  are  compact,  economical,  all-solid-state 
sources  of  coherent,  subnanosecond,  multikilowatt  pulses  at  high  repetition  rates  [1],[2].  The  high  inten¬ 
sities  generated  by  these  devices  at  1.064  /xm  has  led  to  efficient  harmonic  generation  [2], [3]  and, 
recently,  conversion  into  the  mid  infrared  using  single-pass  parametric  amplifiers  [4], [5].  Here,  we  report 
the  use  of  the  frequency-doubled  output  of  a  high-power  passively  g-switched  Nd:YAG  microlaser  to 
pump  a  KTP  doubly  resonant  miniature  monolithic  Fabry-Perot  (microchip)  optical  parametric  oscillator, 
and  the  subsequent  fi-equency  conversion  of  its  output  into  the  ultraviolet.  These  experiments  generate  the 
shortest  pulses  reported  for  an  optical  parametric  oscillator  pumped  with  Q-switched  pulses,  and  demon¬ 
strate  that  it  is  possible  to  access  any  wavelength  in  the  ultraviolet,  visible,  and  near  infrared  with 
extremely  compact  optical  systems. 

In  the  limit  of  no  pump  depletion,  no  losses,  and  noncritical  phase  matching  between  the  pump, 
signal,  and  idler  wavelengths,  and  neglecting  beam  divergence,  the  intensity  of  a  signal  passing  through 
a  parametric  gain  medium  is  given  by 


4W  =  4(0)cosh^(^/^z)  , 

where  we  have  assumed  no  input  at  the  idler  wavelength  and 


(1.1) 


eocX^Xiti^tiinp 


(1.2) 


In  these  equations,  is  the  effective  nonlinear  coefficient,  Eq  is  the  dielectric  constant  of  fi-ee  space, 
c  is  the  speed  of  light,  A  is  the  vacuum  wavelength,  n  is  the  refractive  index,  and  the  subscripts  s,  i,  and 
p  refer  to  the  signal,  idler,  and  pump  frequencies,  respectively.  For 


4(2)  = 


4(0) 


expi 


(1.3) 


If  there  is  initially  one  photon  at  the  signal  wavelength,  and  threshold  is  defined  as  the  pump  intensity 
that  results  in  a  signal  pulse  energy  the  threshold  pump  intensity  1^ ,  for  a  single-pass  parametric 
amphfier  is  given  by 


In 


f5A'l  +  ln(4) 


V 


he 


(1.4) 


where  h  is  Planck’s  constant  and  /  is  the  length  of  the  gain  medium.  For  a  singly  resonant  Fabry-Perot 
optical  parametric  oscillator,  the  optical  intensity  generated  during  one  pass  seeds  the  next  pass  and,  for 
a  monolithic  device. 
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(1.5) 
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he 


~[ln(4)-ln(/?,)] 


tp  is  the  duration  of  the  pump  pulse,  is  the  product  of  the  reflectivities  of  the  two  mirrors  at 


where 

the  signal  wavelength,  and  single-pass  pumping  of  the  oscillator  has  been  assumed.  (In  deriving  this 
equation,  the  temporal  profile  of  the  pump  pulse  was  modeled  as  a  top  hat.)  For  a  doubly  resonant 
oscillator,  the  threshold  condition  becomes 


^  Vl 


In 


r^Vln(4) 

he  ) 


(1.6) 


where  we  have  made  the  simplifying  assumption  that  the  reflectivities  of  the  mirrors  ■)  are  the  same 
for  the  signal  and  idler  wavelengths. 


Equation  (1.4)  indicates  that,  under  the  conditions  stated,  the  threshold  for  parametric  amplification 
can  be  made  arbitrarily  low  by  increasing  the  length  of  the  gain  medium.  However,  in  real  applications, 
the  useful  length  of  the  nonlinear  crystal  is  limited  by  walkoff  or  beam  divergence.  Even  when  this  is 
not  the  case,  the  cost  of  long  nonlinear  crystals  can  be  considerable.  One  technique  to  increase  the 
effective  length  of  the  nonlinear  crystal  is  the  multipass  amplifier  [5].  The  other  approach  is  the  use  of 
parametric  oscillators. 

For  parametric  oscillators,  pump  light  must  be  present  during  the  buildup  time  of  the  pulse,  placing 
requirements  on  the  pulse  duration.  As  a  result,  the  pump  energy  required  to  reach  threshold  goes  through 
a  minimum  as  the  pulse  width  is  changed,  as  can  be  seen  from  Equations  (2.5)  and  (2.6).  This  is  in 
contrast  to  harmonic  generation  or  parametric  amplification.  Therefore,  optimization  of  pump  sources  for 
parametric  oscillators  is  different  than  for  other  nonlinear  devices.  Having  said  that,  our  initial  demon¬ 
stration  of  a  microlaser-pumped  optical  parametric  oscillator  used  a  pump  source  designed  for  efficient 
harmonic  generation,  and  not  the  present  application.  It  had  a  pulse  duration  less  than  that  which  would 
result  in  the  minimum  threshold. 


To  take  advantage  of  available  crystals,  the  optical  parametric  oscillator  was  designed  as  a  degen¬ 
erate  (or  near  degenerate)  device  to  be  pumped  by  the  second  harmonic  of  the  microlaser  output.  It 
consisted  of  a  5-mm-long  piece  of  KTP  oriented  for  type  n  phase  matching.  The  two  faces  of  the  crystal 
normal  to  the  beam  propagation  were  polished  flat  and  parallel.  The  pump-side  face  was  coated  to  be 
highly  refleeting  at  the  1.064-jum  oscillating  wavelength  while  transmitting  75%  of  the  532-nm  pump 
light.  The  output  face  was  50%  reflecting  at  the  oseillating  frequency  and  antireflection  coated  for  the 
pump. 

The  high-power  passively  g-switched  microlaser  used  to  pump  the  parametric  oscillator  has  been 
reported  previously  [4].  It  consists  of  a  3-mm-thick  piece  of  Nd:YAG,  a  3-mm-thick  piece  of  Cr^^:YAG, 
and  a  6-mm-thick  piece  of  Nd:YAG,  bonded  together  in  that  order,  with  a  40%  output  coupler.  Pumped 
with  a  fiber-coupled  12-W  diode  laser  array,  it  produces  157-/J,  single-frequency,  TEMqq  pulses  at  1.064 
/im.  This  output  is  frequency  doubled,  resulting  in  86-;UJ  pulses  of  800-ps  duration  at  532  nm.  It  is  then 
spectrally  filtered  to  remove  the  remaining  1.064-/tm  radiation  and  focused  to  reproduce  the  80-jUm  radius 
of  the  532-nm  light  exiting  the  frequency-doubling  crystal,  as  shown  in  the  left  half  of  Figure  1-1.  The 
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Figure  1-1.  Experimental  setup  for  frequency-quadrupled  optical  parametric  oscillator  pumped  by  second  harmonic 
of  a  high-power  diode-pumped  passively  Q-switched  microlaser.  FCDL,  fiber-coupled  diode  laser;  ML,  microlaser; 
SHG,  second-harmonic  generator;  OPO,  optical  parametric  oscillator;  4HG,  fourth-harmonic  generator. 


532-iim  energy  incident  on  the  parametric  oscillator  was  56  ;UJ/pulse;  the  energy  transmitted  by  the  input 
coating  was  42  /J/pulse.  At  this  pump  level  the  oscillator  was  ~  2.2  times  above  threshold  and  operated 
with  20%  conversion  efficiency.  It  generated  8.4  juJ  of  1.064-jUm  radiation,  divided  equally  between  the 
two  orthogonal  polarizations.  The  duration  of  the  1.064-/tm  pulses  was  600  ps,  and  the  output  beam  was 
better  than  2  times  diffraction  limited. 

Spectrally,  the  parametric  oscillator  operated  in  one  of  two  modes.  At  times,  it  operated  as  a  truly 
degenerate  oscillator  with  both  the  signal  and  idler  wavelength  at  1.064  ^m,  perhaps  seeded  by  residual 
1.064-jum  radiation  from  the  microlaser.  In  this  mode  the  output  was  transform  limited,  and  the  pulse- 
to-pulse  stability  was  excellent,  with  shot-to-shot  energy  variations  of  <  1%.  Once  in  this  mode,  the 
parametric  oscillator  typically  remained  there  for  tens  of  minutes  to  hours. 

At  other  times  the  parametric  oscillator  operated  in  a  nearly  degenerate  mode,  with  the  signal  and 
idler  wavelengths  separated  by  as  much  as  500  GHz.  In  this  mode  the  signal  and  idler  wavelengths  would 
hop  between  approximately  six  adjacent  cavity  modes  on  a  pulse-to-pulse  basis  (observed  with  a  charge- 
coupled  device  (CCD)  array  and  a  1/2-m  grating  spectrometer),  with  energy  variations  of  ~  10%.  Each 
pulse,  however,  was  transform  limited  (measured  using  a  CCD  array  and  a  high-g,  1-cm  solid  etalon). 
The  mode  hopping  is  attributed  to  the  use  of  a  doubly  resonant  cavity  with  no  thermal  or  acoustic 
isolation.  It  remains  to  be  seen  whether  or  not  it  can  be  eliminated.  Singly  resonant  devices  should  have 
improved  stability,  at  the  expense  of  a  higher  threshold  (see  Figure  1-2). 

The  output  of  the  parametric  oscillator  was  frequency  quadrupled  into  the  ultraviolet  with  3% 
efficiency.  The  1.064-jUm  light  was  first  filtered  to  remove  the  532-nm  pump  light  and  focused  to 
reproduce  the  waist  dimensions  of  the  light  exiting  the  parametric  oscillator.  Properly  oriented  5-mm- 
long,  antireflection-coated  crystals  of  KTP  and  BBO  were  positioned  at  the  waist  to  perform  the  harmonic 
conversion  [3].  The  entire  optical  system  is  illustrated  in  Figure  1-1. 
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Figure  1-2.  Calculated  threshold  for  a  doubly  resonant  (DRO)  and  singly  resonant  (SRO)  KTP  optical  parametric 
oscillator  pumped  by  a  frequency-doubled  microlaser.  The  532-nm  output  of  the  pump  source  was  assumed  to  have 
a  100-pm  radius  and  1-ns  duration.  Ten  percent  output  coupling  was  used  for  the  signal  and  idler  wavelengths. 
The  length  of  the  KTP  was  set  equal  to  the  aperture  length  determined  by  walkoff,  up  to  a  maximum  length 
of  1  cm.  Threshold  was  set  at  1  pJ  of  signal. 


In  all  of  the  experiments  with  the  parametric  oscillator,  care  was  taken  to  never  focus  the  light  more 
tightly  than  the  light  exiting  the  microlaser.  All  of  the  nonlinear  crystal  used  could  have  been  butt  coupled 
to  the  laser,  within  the  collimated  region  (1/2  the  confocal  parameter)  of  the  laser  output.  Intervening 
optics  were  only  used  for  experimental  convenience.  The  optical  head  of  a  frequency-quadrupled  optical 
parametric  oscillator  pumped  by  the  second  harmonic  of  a  high-power  diode-pumped  passively  g-switched 
microlaser  could  be  less  than  3  in.  long!  And,  all  of  the  crystals  used  have  flat  faces,  allowing  for  the 
economical  fabrication  associated  with  microchip  devices. 

Optical  parametric  devices  afford  microlaser  systems  enormous  wavelength  flexibility.  Calcula¬ 
tions,  based  on  the  Sellmeier  coefficients  reported  by  Vanherzeele  et  al.  [6]  for  hydrothermally  grown 
KTP  and  on  the  more  conservative  values  djg  =  2.6  pm/V  and  ^^24  =  3.3  pm/V  reported  by  Eckardt  et 
al.  [7],  indicate  that  the  frequency-doubled  output  of  the  high-power  microlaser  discussed  above  should 
be  able  to  pump  KTP  parametric  oscillators  operating  at  wavelengths  (both  signal  and  idler)  between  650 
and  3000  nm  (see  Figure  1-2).  The  output  of  these  devices  can  be  harmonically  converted  into  the  visible 
and  ultraviolet.  Periodically  poled  lithium  niobate  parametric  amplifiers,  pumped  by  the  1.064-/im  output 
of  a  microlaser,  have  already  demonstrated  the  ability  to  operate  at  wavelengths  between  1400  and 
4400  nm  [4]. 

One  intriguing  possibility  is  a  microlaser  system  that  generates  red,  green,  and  blue  pulses.  A  KTP 
parametric  oscillator  pumped  by  the  green  output  of  a  frequency-doubled  microlaser  can  produce  both 
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1.51-  and  0.82-^m  light.  When  summed  with  the  1.064-/tm  fundamental  output  of  the  microlaser  (in 
KTP),  these  two  wavelengths  generate  red  and  blue.  Combined  with  the  unused  green  pump  light,  this 
provides  a  compact  three-color  system. 

The  high  performance,  compact  size,  and  potential  low  cost  of  microchip  optical  parametric  oscil¬ 
lators,  coupled  with  the  reliability  and  efficiency  of  an  all-solid-state  system,  make  them  attractive  for 
industrial  and  field  use.  Potential  applications  include  time-resolved  excitation,  absorption,  and  fluores¬ 
cence  spectroscopy;  multicolor  three-dimensional  imaging;  and  displays. 

J.  J.  Zayhowski  C.  Dill  HI 
C.  Cook  J.  L.  Daneu 
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2.  ELECTROOPTICAL  MATERIALS  AND  DEVICES 


2.1  GalnAsSb/AIGaAsSb  MULTIPLE-QUANTUM- WELL  DIODE  LASERS  GROWN  BY 

ORGANOMETALLIC  VAPOR  PHASE  EPITAXY 

Previously,  we  reported  the  first  lattice-matched  GaSb/Alg  jOa^  ^Asq  Q2^bQ  double-heterostructure 
diode  lasers  grown  by  organometallic  vapor  phase  epitaxy  (OMVPE)  [1].  These  lasers  operated  at  a 
wavelength  of  1 .75  jUm  with  a  threshold  current  density  of  2.1  kA/cm^.  Here,  we  report  the  first  GalnAsSb/ 
AlGaAsSb  multiple-quantum-well  (MQW)  diode  lasers  grown  by  OMVPE. 

GalnAsSb  and  AlGaAsSb  epitaxial  layers  were  grown  on  (100)  GaSb  substrates,  oriented  2°  toward 
(110),  in  a  vertical  rotating-disk  reactor  operating  at  150  Torr  with  H2  as  the  carrier  gas.  GalnAsSb  layers 
were  grown  with  the  novel  combination  of  triethylgallium  (TEGa),  trimethylindium,  tertiaiybutylarsine 
(TBAs),  and  trimethylantimony  (TMSb);  and  AlGaAsSb  with  tritertiarybutylaluminum,  TEGa,  TBAs, 
and  TMSb,  as  previously  reported  [2].  Diethyltellurium  (50  ppm  in  H2)  and  dimethylzinc  (1000  ppm  in 
H2)  were  used  as  the  n-  and  p-type  doping  sources,  respectively.  All  layers  were  grown  lattice  matched 
to  GaSb  substrates  at  575°C  with  V/in  =  1.15  or  2.2  for  GalnAsSb  or  AlGaAsSb,  respectively.  The 
growth  rate  of  GalnAsSb  was  typically  0.7  nm/s,  while  that  of  AlGaAsSb  was  0.2-0.4  nm/s.  The  reported 
compositions  are  based  on  Auger  electron  spectroscopy. 

To  evaluate  the  quality  of  GalnAsSb/AlGaAsSb  quantum  wells,  a  test  structure  consisting  of  a 
0.1-/xm-thick  AIq  28^^o  72^®o  98  buffer  layer  and  five  15-nm-thick  Gag  g^Ing  13ASQ  i2^bQ  gg  quantum 

wells  separated  by  20-nm-thick  AIq  28GaQ  22ASQ  Q2St>o  98  barrier  layers  was  grown.  The  double-crystal 
x-ray  diffraction  rocking  curve  shown  in  Figure  2-1  exhibits  satellite  peaks  and  interference  fringes, 
indicating  the  high  crystalline  quality  of  the  MQW  structure.  The  lattice  mismatch  of  -100  arc  sec 
corresponds  to  Aa/a  =  9  x  10"^.  Photoluminescence  (PL)  spectra  measured  at  4  and  300  K  of  the  MQW 
structure  plotted  in  Figure  2-2  show  emission  at  1850  and  2048  nm,  respectively.  The  full  width  at  half¬ 
maximum  of  the  4-K  PL  is  ~  10  meV,  which  compares  favorably  with  the  value  of  11-12  meV  reported 
for  quantum  wells  grown  by  molecular  beam  epitaxy  (MBE)  [3], [4]. 

The  MQW  diode  laser  structure  was  grown  on  an  n-GaSb  substrate  with  the  following  layers: 
l-)Um-thick  /i-A1q  gGaQ  4ASQ  QjSbg  95  cladding  layer,  0.3-^-thick  AIq  28Ga()  72'^So  02^bo  93  confining  layer, 
MQW  active  region  consisting  of  four  15-nm-thick  Guq  g^lnQ  13AS0  i2Sbo  gg  quantum  wells  separated  by 
20-nm-thick  AIq  28Gao  72ASQ  02SbQ  pg  barrier  layers,  0.3-/rm-thick  AIq  28GaQ  72ASQ  o2Sbo  gg  confining  layer, 
1-jum-thick  /?-A1q  ^GaQ  4ASQ  Q^SbQ  cladding  layer,  and  0.05-^m-thick  p'^-GaSb  cap  layer.  The 
n- AIq  gGaQ  ^Asq  QjSbQ  gj  cladding  layer  was  doped  to  ~  6  x  10^^  cm“^  as  determined  by  Hall  measme- 
ments,  while  the  p-A1q  gGaQ  4ASQ  os^bQ  g^  cladding  layer  was  nominally  undoped  with  a  hole  concentra¬ 
tion  of  ~  2  X  10**  cm“*.  The  nominally  undoped  confining  layers  with  a  residual  hole  concentration  of 
~  4  X  10*^  cm“*  were  incorporated  in  the  structure  to  reduce  free-carrier  absorption.  Otherwise,  the  loss 
would  be  significant  from  the  p-Alg  gGag  4ASQ  QjSbQ  gj  cladding  layer.  The  lattice  mismatch  of 
AIq  gGaQ  4AS0  ogSbQ  g5  cladding  layers  was  Aa/a  =  -9  x  10^.  The  interfaces  between  the  28  and  60% 
AlGaAsSb  layers  were  graded  to  reduce  the  heterojunction  resistance.  Broad-area  lasers  100  fim  wide 
were  fabricated  by  a  standard  photolithographic  process  [3],  and  devices  were  cleaved  with  various  cavity 
lengths.  Devices  were  tested  under  pulsed  operation  at  room  temperature  with  400-ns  pulses  at  a  repeti¬ 
tion  rate  of  1  kHz. 
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Figure  2-L  Double-crystal  x-ray  diffraction  rocking  curve  of  five-period  87^^o  g/ 

^l 0  28^^ 0  72^^ 0  02^^ 0  98  ^^Idple-quantum-well  (MQW)  structure  nominally  lattice  matched  to  GaSb  substrate. 
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Figure  2-2.  Photoluminescence  spectra  measured  at  4  K  (solid  curve)  and  300  K  (dashed  curve,  XlO)  of  five-period 
Goq  gjInQ  j^Sq  i2^bo  28^^0  72^^ 0  02^^0  98  Structure  nominally  lattice  matched  to  GaSb  substrate. 
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The  dependence  of  threshold  current  density  on  cavity  length  L  is  shown  in  Figure  2»3.  As  L 
increases  from  500  to  2000  jim,  decreases  from  2.1  to  1.2  kA/cm^,  respectively.  Figure  2-4  shows  the 
emission  spectrum  from  a  1.1-mm-long  device  at  /-  1.3 1^,  It  exhibits  several  longitudinal  modes,  as  is 


Figure  2-3.  Threshold  current  density  as  a  function  of  inverse  cavity  length  of  Ga^  ^yln^  j^Sq  j2SbQ 
^^0.28^%.72^^0.02^^0  98  diode  laser. 


209727-6 


Figure  2-4.  Emission  spectrum  of  Gagg.^nQj^Sg  j^bgg^Al^^s'^aQj^SQQ^^bggg  MQW  diode  laser. 
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typically  observed  for  broad-stripe  lasers,  and  is  centered  at  ~  2.1  fim.  The  lasing  wavelength  is  longer 
than  the  room-temperature  PL  peak  of  2.06  fim.  The  current- voltage  curve  of  a  1-mm-long  device 
indicates  a  series  resistance  of  2.5  Q. 


The  performance  of  these  first  GalnAsSb/AlGaAsSb  MQW  diode  lasers  is  a  significant  improve¬ 
ment  over  our  GaSb/AlGaAsSb  double-heterostructure  lasers,  which  had  a  pulsed  of  2.1  kA/cm^  for 
a  1000-jum-long  device.  However,  the  values  of  are  much  higher  than  those  for  GalnAsSb/AlGaAsSb 
strained  MQW  diode  lasers  emitting  at  2.1  /im  grown  by  MBE  [3],  which  had  /j,,  as  low  as  260  A/cm^. 
The  higher  values  reported  here  may  be  a  result  of  the  use  of  lattice-matched  MQW  active  layers 
instead  of  bieixially  compressed  layers,  as  well  as  high  oxygen  levels  in  AlGaAsSb  [5]. 


C.  A.  Wang 

D.  R.  Calawa 
M.  K.  Connors 
R.  Poillucci 


H.  K.  Choi 
J.  W.  Chludzinski 
P.  M.  Nitishin 
V.  Todman-Bams 


2.2  HIGH  THERMOELECTRIC  FIGURES  OF  MERIT  IN  /»-TYPE  PbTe 

QUANTUM  WELLS 

Multiple-quantum-well  structures  composed  solely  of  Pb-salt  materials  were  found  to  have  high 
Seebeck  coefficients  (up  to  ~  400  juV/K),  to  grow  with  excellent  structural  quality,  and  to  not  have  the 
autodoping  problem  of  BiySbj_^bTej_^Se^  MQW  structures.  Consequently,  Pb-salt  MQW  structures 
have  provided  an  excellent  medium  for  pursuing  a  basic  investigation  of  thermoelectric  superlattices.  The 
Pbj_^u^Te/PbTe  materials  system  not  only  serves  as  a  good  vehicle  for  testing  quantum-confinement 
effects  on  the  Seebeck  coefficient,  but  also  can  be  used  to  indicate  the  magnitude  of  the  thermal  conduc¬ 
tivity  reduction  expected  in  MQW  superlattice  structures  due  to  phonon-interface  scattering  [6],[7].  Here, 
we  report  high-quality  Pb^_j|EUj|.Te/PbTe  MQW  structures  grown  by  molecular  beam  epitaxy  (MBE).  A 
very  thin,  partial  monolayer  of  BaFj  inserted  in  the  center  of  the  PbQ  gjyEug  Q^gTe  barrier  was  found  to 
be  a  very  effective  acceptor  dopant  and  to  result  in  very  high  p-type  thermoelectric  power  factors  ^F2D 
and  figures  of  merit  At  300  K,  Pp2D  values  up  to  ~  160  juWcm“^K"^  have  been  measured  and  values 

of  Z2dT  >1.5  have  been  achieved  for  the  p-type  quantum  wells.  The  measured  300-  and  400-K  thermo¬ 
electric  properties  of  the  quantum  wells  are  many  times  better  than  those  of  the  best  bulk  PbTe.  For  p- 
type  PbTe  quantum  wells,  we  obtained  Z2j)T  >  2.3  at  400  K,  the  highest  value  obtained  for  any  material. 

The  previously  reported  investigations  of  «-type  PbTe  MQW  structures  [8], [9]  have  recently  been 
extended  to  p-type  material.  A  number  of  structures  composed  of  Pbg  ^27^^0.073^®^^^®  MQWs  were 
grown  by  the  previously  described  [9]  MBE  techniques.  Hole  charge  carriers  were  provided  to  the  p-type 
quantum  wells  by  growing  a  layer  of  BaF2  in  the  middle  of  the  Pb^  527^^0.073^®  barriers.  In  some  initial 
experiments,  thicker  BaF2  layers  were  grown  to  test  a  double-barrier  concept  where  the  first  barrier 
(PbEuTe)  provides  high-quality  interfaces  to  the  quantum  well  and  the  second  higher-energy  barrier 
(BaF2)  provides  better  carrier  confinement,  so  that  the  overall  barrier  thickness  can  be  minimized.  Wide 
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barriers  are  deleterious  to  realizing  a  high  three-dimensional  because  of  high  parasitic  thermal 
conductance  [7], [9].  Initial  experiments  involved  placing  a  2.0-nm-thick  layer  of  BaF2  in  the  center  of  the 
Pbo.  gjyEup  Q^gTe  barriers;  however,  we  found  that  such  layers  degraded  the  crystal  stmcture  so  severely 
that  good  thermoelectric  properties  were  not  realized.  Nevertheless,  Sun  and  Dresselhaus  [10]  have 
carried  out  detailed  theoretical  calculations  on  this  new  structure  and  find  that  the  use  of  compound 
barriers  is  a  good  idea. 

In  subsequent  experiments,  a  thin  BaFj  layer  was  used  as  an  acceptor  dopant  only.  Six 
Pbo  927EUQ  QyjTe/PbTe  MQW  stractures  were  grown  with  very  thin  BaF2  layers  placed  in  the  barriers; 
their  parameters  are  tabulated  in  Tables  2-1  and  2-2.  The  hole  carrier  concentration  increased  with  BaF2 
layer  thickness.  Sample  T-358  with  a  BaF2  thickness  =  0.11  nm  had  a  three-dimensional  carrier 
concentration  =  6.2  x  10**  cm"*  at  300  K,  whereas  T-368  with  =  0.45  nm  had  =  6.2  x  10*^ 
cm“*.  All  of  these  samples  had  high  Seebeck  coefficients,  ranging  from  151  to  257  juV/K.  The  measured 
mobilities  are  much  higher  than  is  consistent  with  hole  conduction  in  the  PbQ  ^^Euq  barrier  region, 
so  it  is  reasonable  to  assume  that  the  carriers  are  confined  to  the  PbTe  quantum  wells.  The  two-dimen¬ 
sional  carrier  concentrations  are  obtained  by  assuming  that  the  carriers  are  confined  to  the  PbTe  quantum 
wells. 


TABLE  2-1 

Parameters  of  ^Doped  p-Type  Pbp  g27EUo  oygTe/PbTe 
Multiple-Quantum-Well  Structures 


Sample 

No. 

Sample 

Thickness 

Cum) 

Number 

of 

Periods 

300-K 

Seebeck 

Coefficient 

(pV/K) 

Three-Dimensional 
Carrier  Concentration 

Carrier  Mobility 

300  K 
(cm"*) 

77  K 
(cm-^) 

300  K 
(cm*/V  s) 

77  K 
(cm*/V  s) 

T-329 

5.25 

224 

+241 

1.8  X  10*9 

1.5  X  10*9 

77 

345 

T-331 

5.25 

224 

+229 

1.3  X  10*9 

1.3  X  10*9 

110 

400 

T-371 

5.58 

238 

+206 

4.1  X  10*9 

1.6  X  10*9 

39 

190 

T-368 

4.59 

205 

+151 

6.2  X  10*9 

2.4  X  10*9 

35 

200 

T-358 

5.25 

220 

+242 

6.2  X  10*9 

3.9  X  10*8 

120 

720 

T-332 

4.76 

204 

+257 

4.1  X  10*8 

2.3  X  10*8 

120 

770 
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TABLE  2-2 


More  Parameters  of  ^Doped  p-Type  PbQ927EuQ  Q73Te/PbTe 
Multiple-Quantum-Well  Structures 


Sample 

No. 

Thicknesses 

Two-Dimensional 

Carrier  Concentration 

PbTe 

Well 

djnm) 

BaF^ 

^Doped 

dj,(nm) 

*’^0.927^^0.073'*'® 

Barrier 

d^,(nm) 

300  K 
(cm"®) 

77  K 
(cm"®) 

T-329 

1.91 

0.22 

19 

2.0  X  10®° 

1.7  X  10®° 

T-331 

1.91 

0.22 

19 

1.6  X  10®° 

1.6  X  10®° 

T-371 

2.07 

0.22 

20 

4.5  X  10®° 

1.6  X  10®° 

T-368 

1.97 

0.45 

19 

6.7  X  102° 

2.7  X  10®° 

T-358 

1.90 

0.11 

19 

6.8  X  10^® 

4.3  X  10^® 

T-332 

1.88 

0.22 

19 

4.9  X  10^® 

2.8  X  10’® 

To  evaluate  the  PbTe  MQW  data,  we  have  compared  these  results  with  bulk  PbTe.  Properties  of 
the  best  bulk  p-type  PbTe  samples  [11], [12]  known  are  listed  in  Table  2-3.  These  bulk  materials  were 
prepared  from  semiconductor-grade  Pb  and  Te,  grown  by  the  Bridgman  method,  and  were  polycrystalline 
with  large  grain  sizes.  The  low-concentration  samples  were  undoped  whereas  the  higher-concentration 
samples  were  doped  with  various  impurities  such  as  Ag,  Au,  and  P.  Seebeck  coefficients  at  300  K  varied 
from  +431  juV/K  at  low  carrier  concentrations  to  +95  pV/K  at  the  highest  concentration.  At  lower  carrier 
concentrations,  the  highest  300-K  carrier  mobility  was  950  s,  which  decreases  to  780  ca?N  s  at 

a  carrier  concentration  of  1.5  x  10^®  cm~^.  Figure  2-5  shows  a  semilog  plot  of  these  5  vs  p  data  for  bulk 
PbTe  which  are  fit  by  a  straight  line  given  by  the  simple  expression 

5  (jiYIK)  =  -1477-175  logio(p/10i'^  cm'^)  .  (2.1) 

Except  for  changes  in  signs,  this  is  exactly  the  same  expression  that  fits  the  best  bulk  n-type  data  [9]  for 
M  <  4  X  10^^  cm"^.  This  is  to  be  expected  because  the  L  conduction  band  pocket  is  the  mirror  image  of 
the  L  valence  band  pocket  and  the  electron  effective  mass  is  equal  to  the  hole  effective  mass  for  the  same 
carrier  concentration.  The  effective  mass  of  each  L  pocket  increases  with  carrier  concentration  owing  to 
band  nonparabolicity.  Notice  that  above  ~  8  x  10^^  cm“^,  the  data  become  dependent  on  the  impurity. 
The  difference  in  Seebeck  coefficient  between  the  Tl-  and  Na-doped  bulk  samples  [13]  is  attributed  in 
the  literature  to  resonance-impurity  scattering  [14],[15]  in  the  Tl-doped  samples.  From  Equation  (2.1)  and 
the  slow  mobility  change  with  carrier  concentration,  we  get  a  maximum  power  factor  =  24  pW/ 

cm  at  a  concentration  of  8  x  10^®  cm“^,  but  using  literature  values  for  Na-doped  PbTe  a  maximum 
power  factor  of  28  p^W/cm  is  obtained  at  1.0  x  10^^  cm~^.  Using  20  mW/cm  K  for  the  lattice  thermal 
conductivity  of  PbTe,  we  calculate  a  maximum  figure  of  merit  =  0.35  for  p-type  bulk  PbTe 

at  300  K. 
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TABLE  2-3 

Thermoelectric  Properties  of  High-Quaiity  p-Type  Bulk  PbTe  Samples 


Sample 

No.* 

300-K 

Seebeck 

Coefficient 

S  (pV/K) 

300-K 

Power  Factor 
(pW/cm  K2) 

Carrier  Concentration 
p  (cm“®) 

Carrier  Mobility 
ju(cm2/V  s) 

300  K 

77  K 

300  K 

77  K 

3-69 

+431 

5.2 

h- 

O 

X 

CM 

cvi 

2.1  X  lO^’' 

770 

27  000 

5-70H1B 

+388 

5.4 

3.0  X  10^7 

3.3  X  10^7 

740 

23  000 

5-70H1A 

+346 

7.7 

4.9  X  10^7 

5.4  X  10^7 

830 

22  000 

2-71  HI 

+213 

22.7 

3.3  X  10^8 

4.6  X  10^8 

950 

15  000 

1-72H1 

+155 

20.9 

6.7  X  10^8 

9.7  X  10^8 

810 

9000 

12-71  HI 

+154 

24.0 

7.4  X  10^8 

1.1  X  lO''^ 

850 

9100 

1-72H6C 

+117 

21.4 

1.25  X  lO"*® 

2.3  X  lO"'® 

780 

4100 

1-72H4B 

+95 

17.0 

CJl 

X 

o 

CD 

2.8  X  10^9 

780 

4800 

T-376* 

+170 

31.2 

1.7  X  10^9 

2.2  X  10^9 

385 

1700 

‘All  samples  are  Bridgman  grown,  except  sample  T-376,  which  is  an  epitaxial  single  layer 
of  BaFg-doped  PbTe  grown  by  molecular  beam  epitaxy. 


Figure  2-5.  Seebeck  coefficient  vs  hole  carrier  concentration  for  bulk  p-type  PbTe  and  p-type  PbQp27^^0073^e/ 
PbTe  MQW  structures.  Data  for  Na-  and  Tl-doped  bulk  layers  are  also  shown. 
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These  results  for  bulk  PbTe  are  compared  in  Figure  2-5  with  S  \s  p  data  for  the  six  BaF2  5-doped 
MQW  structures  and  with  data  for  an  epitaxial  layer  of  p-type  PbTe.  The  MQW-structure  data  show  a 
nearly  constant  value  (in  the  range  from  high  10^^  to  2  x  10^®  cm"^)  with  increasing  carrier  concentration 
similar  to  that  of  Na-  and  Tl-doped  bulk  material.  It  is  believed  that  this  plateau  is  a  consequence  of  the 
valence  band  structure  of  PbTe.  Holes  are  predominantly  in  the  L  valence  band  pockets  for  hole  carrier 
concentrations  below  mid-10^^  cm“^'  Above  2  x  10^°  cm"^,  holes  are  predominantly  in  S  valence  band 
pockets.  Constant-energy  surfaces  of  the  PbTe  valence  band  extrema  [16]  are  shown  in  Figure  2-6.  The 
maximum  extremum  is  located  at  the  L  point  (light  hole  band)  of  the  Brillouin  zone  and  there  are  eight 
half  or  four  whole  ellipsoids.  This  is  important  for  thermoelectricity  because  ZT  is  directly  proportional 
to  the  number  of  ellipsoids  (valleys)  through  the  density-of-states  effective  mass.  The  next  highest 
valence  band  extremum  is  located  at  the  S  point  (heavy  hole  band)  of  the  Brillouin  zone  and  there  are 
twelve  whole  ellipsoids,  which  is  very  favorable  for  high  ZT.  Thus,  as  the  total  hole  carrier  concentration 
increases,  the  percentage  of  (heavy)  2  holes  relative  to  (light)  L  holes  increases  with  the  result  that  a 
relatively  high  Seebeck  coefficient  persists  to  extraordinarily  high  carrier  concentrations.  Thus,  it  is  not 
necessary  to  invoke  impurity  resonance  scattering  to  explain  the  high  Seebeck  coefficient  in  Tl-doped 
PbTe.  The  Tl-doped  PbTe  Seebeck  coefficient  of  120  /iV/K  at  2  x  10^®  cm“^  can  be  calculated  using  a 
hole  density-of-states  effective  mass  of  1.2,  which  is  reasonable  in  view  of  this  valence-band  stmcture. 
For  the  early  literature  on  the  second  valence  band  in  PbTe,  see  Refs.  17  and  18. 
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Figure  2-6.  Constant-energy  surfaces  of  the  PbTe  valence  band  in  the  Brillouin  zone. 
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Our  measured  Seebeck  coefficients  for  the  MQW  samples  are  approximately  a  factor  of  2  larger 
than  the  Seebeck  coefficients  of  bulk  Tl-doped  PbTe.  At  the  very  high  carrier  concentration  of  2  x  10^® 
cm“^,  we  obtained  a  remarkably  high  Seebeck  coefficient  of  +240  /XV/K.  We  believe  that  the  2  times 
increase  in  S  (4  times  increase  in  power  factor  and  ZT)  is  primarily  from  quantum- well  enhancement 

due  to  the  increased  density  of  states  per  unit  volume  of  the  quantum  wells.  Furthermore,  measurements 
indicate  that  the  hole  carrier  mobility  can  be  at  least  as  high  as  110  cm^A^  s,  which  is  roughly  4  times 
higher  than  that  of  bulk  Tl-doped  PbTe  at  this  carrier  concentration.  We  hypothesize  that  this  4  times 
mobility  enhancement  may  be  due  primarily  to  the  5-doping.  Mobility  enhancement  occurs  owing  to  the 
suppression  of  impurity  scattering  in  the  quantum  wells.  At  the  2  x  10^®  cm“^  impurity  concentration 
level,  impurity  scattering  in  the  bulk  material  may  contribute  to  some  degradation  of  the  carrier  mobility, 
but  since  the  impurities  are  placed  in  the  middle  of  the  barriers,  the  carriers  in  the  undoped  PbTe  quantum 
wells  are  not  subjected  to  impurity  scattering.  Thus,  we  believe  a  large  carrier  mobility  enhancement 
occurs  because  of  the  5-doping  suppression  of  impurity  scattering  even  though  carrier-phonon  and  car¬ 
rier-interface  scattering  does  occur  in  the  quantum  wells.  Detailed  quantitative  modeling  of  the  p-type 
quantum-well  superlattice  structures  in  process  may  be  able  to  sort  out  the  relative  contributions  of  the 
L  valence  band  pocket  and  the  E  valence  band  pocket  to  the  Seebeck  coefficient  and  the  hole  carrier 
mobility. 

Properties  of  an  MBE-grown  uniformly  BaF2-doped  single-layer  PbTe  sample  are  shown  in  Table 
2-3.  This  sample  has  a  power  factor  31.2  pW/cm  and  a  bulk  Z-^^T  =  0.38  at  300  K,  which  are  values 
somewhat  higher  than  those  for  any  other  p  dopant  in  bulk  PbTe.  In  Table  2-4  are  listed  the  two- 
dimensional  power  factor  ^F2D  =  and  thermoelectric  figure  of  merit  Z^^  for  the  six  p-type  PbTe 

MQW  samples  at  300  K,  showing  ^F2D  values  as  high  as  160  jUW/cm  K^.  The  power  factor  vs  hole 
concentration  for  these  samples  and  for  the  best  bulk  p-type  PbTe  are  displayed  in  Figure  2-7. 


TABLE  2-4 

Thermoelectric  Properties  at  300  K  of  p-Type  Pbg  927^^0.073^®^^^^® 
Multiple-Quantum-Well  Samples 


Sample  No. 

Two-Dimensional 
Power  Factor 

^F2D 

(pW/cm  K2) 

Electrical 

Conductivity 

(mho/cm) 

Thermoelectric 
Figure  of  Merit* 
(Wells  Only) 

T-329 

160 

2700 

1.5 

T-331 

150 

2800 

1.4 

T-371 

119 

2800 

1.1 

T-368 

88.5 

3900 

0.7 

T-358 

73 

3900 

0.9 

T-332 

63.5 

960 

0.8 

*A  literature  value  of  the  lattice  thermal  conductivity  of  20  mW/cm  K  was 
assumed  for  the  PbTe  quantum  wells  and  may  be  too  high. 
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HOLE  CONCENTRATION  (cm*^) 


Figure  2-7.  Thermoelectric  power  factor  vs  carrier  concentration  for  the  best  p-type  bulk  PbTe  samples,  a  single 
BaF2-doped  epitaxial  PbTe  layer,  and  p-type  Pbg  g2yEuo  QjfTe/PbTe  quantum  wells. 


Power  factors  for  bulk  or  single  layer  and  for  quantum  well)  from  Tables  2-3  and  2-4 
are  presented  in  Figure  2-7  as  a  function  of  the  carrier  concentration  at  300  K.  The  bulk  data  show  a  very 
broad  peak  centered  at  a  concentration  ~  1.5  x  10^®  cm“^,  whereas  the  MQW  data  peak  is  much  higher 
and  narrower  and  centered  at  ~  2  x  10^®  cm~^.  The  2-nm-thick  PbTe  quantum  wells  with  ~  20-nm-thick 
barriers  have  higher  two-dimensional  power  factors  than  found  for  similar  n-type  quantum  wells  [8], [9] 
despite  having  a  much  lower  carrier  mobility.  For  the  best  sample,  T-329,  the  power  factor  is  160  jUW/ 
cm  K^,  the  highest  reported  to  date  for  good  thermoelectric  materials. 

The  best  thermoelectric  properties  at  300  K  for  the  n-  and  p-type  PbTe  quantum  wells  investigated 
in  the  past  two  years  are  summarized  in  Table  2-5.  Notice  that  we  have  achieved  power  factors  in  p-type 
quantum  wells  that  are  ~  4  times  the  best  bulk  or  single-layer  value,  and  these  power  factors  were 
achieved  with  a  barrier  thickness  less  than  half  as  thick  as  that  for  the  previously  reported  n-type  [8],[9] 
MQW  structures.  Using  the  accepted  bulk  value  of  20  mW/cm  K  for  the  lattice  thermal  conductivity,  we 
estimate  is  as  high  as  0.24  and  =  1.5  at  300  K.  At  400  K,  we  get  Z^^  >2.3.  Since  we  expect 
interface  scattering  in  the  MQW  structure  is  lowering  the  thermal  conductivity,  the  actual  ZT  values  may 
be  considerably  higher.  We  are  in  the  process  of  measuring  the  thermal  conductivity  of  these  thin  layers. 
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TABLE  2-5 


Best  Measured  Power  Factors  and  Estimated  Overall  Thermoelectric  Figures  of  Merit 
for  2.0-nm-thick  PbTe  Quantum-Well  Structures  at  300  K 


Year 

Carrier 

Type 

Barrier 

Thickness 

(nm) 

Power  Factor 
Ratio 

Estimated 
Thermoelectric 
Figure  of  Merit 

1995 

n-type 

40.7 

3.5 

0.11 

1996 

p-type 

19.3 

4.0 

0.24 

‘These  estimated  values  may  be  low  because  the  lattice  thermal  conductivity  may  be  less 
than  the  assumed  bulk  PbTe  values  used  in  Tabie  2-4  due  to  phonon-interface  scattering 
in  the  muitiple-quantum-weil  superiattice  structures. 

The  three-dimensional  properties  of  these  p-type  quantum  wells  with  an  electrical  conductivity  of 
275  mho  cm“^  and  a  Seebeck  coefficient  S  of  -h241  juV/K  at  300  K  are  intriguing.  The  composition  of 
the  best  MQW  structure  is  9%  PbTe,  1%  BaFj,  and  90%  PbQ  927EU0  973^6.  However,  BaF2  and 
PFq  927EUQ  (yjjTe  have  no  charge  carriers  and  essentially  zero  Thus,  despite  the  fact  that  only  the 
9%  PbTe  part  of  the  sample  is  thermoelectiically  active,  the  overall  estimated  Z^qT  is  0.24  at  300  K. 

In  conclusion,  the  unusually  high  maximum  power  factor  is  believed  to  be  the  result  of  a  combi¬ 
nation  of  three  factors:  the  quantum-well  enhancement  effect  on  the  density  of  states  per  unit  volume, 
the  high  density-of-states  effective  mass  hole  pocket  of  the  E  valence  band,  and  5-doping. 

T.  C.  Harman 
D.  L.  Spears 
M.  W.  Walsh 
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3.  SUBMICROMETER  TECHNOLOGY 


3.1  THERMAL  CONDUCTIVITY  CHARACTERIZATION  OF  PECVD 

MICROBOLOMETER  MEMBRANE  MATERIALS 

Thin  films  are  important  elements  in  microelectronics,  optoelectronics,  and  optics.  In 
microelectromechanical  systems,  measurement  and  control  of  the  thermal  conductivity  of  a  thin  film  can 
be  critical  for  some  applications.  In  addition,  because  thermal  conductivity  is  sensitive  to  the  microstruc¬ 
ture  of  solids,  changes  in  measured  thermal  conductivity  may  correlate  to  variations  in  mechanical 
strength  or  permeability  not  readily  detectable  by  other  methods.  Recently,  considerable  effort  has  been 
devoted  to  uncooled  infrared  focal  plane  arrays  for  both  military  and  civilian  applications  [1].  The  most 
common  detector  design  for  these  arrays  is  based  on  a  free-standing  membrane  microbolometer.  One  of 
the  most  critical  material  properties  affecting  the  performance  of  this  sensor  is  thermal  conductivity  of 
the  membrane.  Here,  we  show  how  a  new  method  for  measuring  thermal  conductivity  of  thin  films  has 
been  used  to  aid  in  the  optimization  of  plasma-enhanced  chemical  vapor  deposition  (PECVD)  thin  films 
for  the  microbolometer  application. 

In  order  to  evaluate  the  thermal  characteristics  of  a  wide  variety  of  membrane  materials,  a  prototype 
photoacoustic  thermal  conductivity  measurement  instmment  was  obtained  from  Imad.  Although  many 
other  methods  have  been  reported  for  measuring  thin  films  [2],  this  method  is  ideally  suited  for  design 
and  testing  of  new  materials.  This  apparatus  exposes  the  sample  to  an  intensity-modulated  beam  of  light 
that  periodically  heats  the  surface.  The  instrument  then  measures  the  amplitude  of  the  acoustic  wave  that 
is  created  near  the  surface  of  the  sample  owing  to  the  periodic  expansion  and  contraction  of  the  gas  layer 
adjacent  to  the  surface,  as  a  result  of  the  periodic  change  in  the  surface  temperature. 

The  signal  obtained  in  a  single  measurement  is  proportional  to  the  thermal  resistance  of  the  tested 
film  if  the  thermal  conductivity  of  the  substrate  is  high  compared  to  the  thermal  conductivity  of  the  film. 
The  modulation  frequency  is  selected  such  that  the  film  is  “thermally  thin,”  and  the  substrate  is  “ther¬ 
mally  thick,”  or  dj«  where  d^  is  the  thickness  of  the  film  or  substrate,  (Oq 

is  modulation  frequency,  and  is  the  thermal  diffusivity  of  the  film  or  substrate,  respectively. 

The  thermal  resistance  of  a  film  normal  to  the  surface  is  defined  as 

R  =  AT/Q  ,  (3.1) 

where  AT  is  the  temperature  difference  between  the  two  film  surfaces  and  Q  is  heat  flow  density.  The 
measured  thermal  resistance  R  relates  to  the  thermal  conductivity  A  of  the  film  by  a  simple  equation: 

R  =  d/X+  ,  (3.2) 

where  d  is  the  physical  thickness  of  the  film,  and  is  the  thermal  resistance  of  the  interface  between 
the  thin  film  and  the  substrate.  It  is  assumed  that  the  film  is  uniform;  otherwise,  A  represents  average 
thermal  conductivity.  One-dimensional  heat  flow  is  assumed  in  Equations  (3.1)  and  (3.2),  which  holds 
true  in  most  situations. 
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In  order  to  ensure  complete  and  consistent  absorption  of  light  at  the  surface  of  the  sample  regard¬ 
less  of  the  substrate  or  thin  film  being  measured,  the  sample  is  coated  prior  to  measurements  with  a  light¬ 
absorbing  and  highly  thermally  conductive  coating.  The  additional  thermal  resistance  of  the  coating  is 
canceled  out  in  the  differential  technique.  By  using  this  method,  the  signal  S  that  is  proportional  to  the 
temperature  modulation  ST  at  the  sample  surface  is 

5  cc  5r  oc  ^  (3.3) 

where  is  the  thermal  resistance  of  the  light-absorbing  coating.  The  first  term  in  Equation  (3.3)  is  the 
contribution  of  the  substrate,  whereas  the  second  and  the  third  ones  are  caused  by  the  film  under  test  and 
the  coating,  respectively.  If  a  second  measurement  is  made  in  the  area  in  which  the  film  has  been 
removed,  this  signal  does  not  include  the  QR^icrm  and,  therefore,  the  difference  between  the  two  signals 
is  proportional  to  the  Rj  sought. 

Prior  to  using  the  instrument  to  evaluate  PECVD  films,  we  measured  the  thermal  conductivity  of 
several  types  of  thin  films  of  technological  importance.  Figure  3-1  plots  the  thermal  resistance  as  a 
function  of  film  thickness  for  a  thermally  grown  oxide  and  an  electron-beam-evaporated  oxide  measured 
at  room  temperature.  The  slope  of  the  linear  best  fit  is  1/A  and  its  intercept  is  [Equation  (3.2)].  The 
linear  fit  of  the  data  yields  a  thermal  conductivity  for  the  thermal  oxide  of  1.065  W/mK,  which  is  very 
close  to  the  published  value  for  bulk  amorphous  silicon  dioxide.  Significantly,  the  electron-beam-evapo¬ 
rated  oxide  has  a  much  lower  thermal  conductivity  (0.618  W/mK)  consistent  with  a  less  dense  material. 
Notice  that  there  is  a  non-negligible  thermal  resistance  at  the  oxide/silicon  interface  for  both  types  of 
oxides. 


Figure  3-1.  Measured  thermal  resistances  of  silicon  dioxide  films  formed  by  electron-beam  evaporation  {filled 
squares)  and  thermal  oxidation  (open  squares).  Lines  show  linear  fit  resulting  in  values  of  thermal  conductivities 
of  0.618  and  1.065  W/mK  for  evaporated  and  thermally  grown  films,  respectively. 
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Another  glassy  material,  silicon  nitride,  has  been  used  in  the  formation  of  membranes  in  x-ray 
lithography,  microelectromechanical  devices,  and  uncooled  infrared  detectors  because  of  its  high  tensile 
strength.  In  the  latter  application,  it  has  been  the  material  of  choice.  However,  the  nitride  membrane  must 
not  only  be  strong  but  must  have  a  low  thermal  conductivity  as  well  [1]  for  the  bolometer.  Figure  3-2 
plots  the  thermal  resistance  of  sputter-deposited  silicon  nitride  thin  films.  The  slope  yields  A  =  1.20 
W/mK.  The  small  negative  intercept  is  not  yet  fully  explained,  but  is  apparently  an  artifact  of  the 
deposition  process  and  the  resultant  layered  structure  of  the  films.  Note  that  the  value  of  1.2  W/mK  for 
silicon  nitride  is  close  to  that  reported  recently  using  the  3co  technique  [3]-[5]  but  much  lower  than  the 
value  of  5  W/mK  listed  for  bulk  silicon  nitride  [6]. 

The  main  goal  in  designing  an  alternative  PECVD  membrane  material  is  to  reduce  the  material’s 
thermal  conductivity  below  that  of  silicon  nitride.  In  general,  polymers  have  thermal  conductivities  an 
order  of  magnitude  lower  than  glassy  materials  such  as  silicon  nitride  and  silicon  oxide.  However,  there 
are  many  other  design  considerations  for  the  membrane  material  which  polymers  do  not  satisfy. 

In  order  to  examine  the  lower  limit  of  thermal  conductivity,  we  measured  the  thermal  resistances 
of  two  commercially  available  spin-applied  polymers:  polymethylmethacrylate  (PMMA)  and  hard-baked 
photoresist  (novolac  based).  Using  the  photoacoustic  method,  we  measured  thermal  conductivities  of 
0.14-0.18  W/mK  for  these  polymers,  respectively,  almost  an  order  of  magnitude  lower  than  those  of  the 
silicon  nitride  or  oxide.  In  Figure  3-3,  two  sets  of  measurements  are  plotted  to  indicate  the  reproducibility 
of  the  technique.  The  open  circles  represent  PMMA  samples  that  were  coated  and  immediately  measured. 
The  closed  circles  are  the  values  obtained  on  the  same  samples  several  days  later.  The  slopes  yield  values 
of  thermal  conductivity  of  0.135  and  0.147  W/mK,  a  difference  of  less  than  10%.  This  compares  reason¬ 
ably  well  with  the  bulk  value  of  0.21  W/mK  for  PMMA  [7],  Note  in  Figure  3-4  that  much  thicker  films 
were  evaluated  for  this  polymer  but  still  within  the  linear  portion  of  the  photoacoustic  response.  This  too 
compared  reasonably  well  with  bulk  values  of  0.25  W/mK  for  casting-grade  phenolic  resins  [7]. 


UJ 

o 


(/> 

(0 

lU 

cc 


cc 

UJ 


Figure  3-2.  Measured  thermal  resistances  of  sputtered  silicon  nitride  films  of  various  thicknesses.  Line  shows  linear 
fit  resulting  in  a  value  of  thermal  conductivity  of  1.20  W/mK. 
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PMMA  FILM  THICKNESS  (^m) 


Figure  3-3.  Measured  thermal  resistances  of  spin-applied  polymethylmethacrylate  (PMMA)  films  of  various  thick¬ 
nesses  measured  just  after  application  (open  circles)  and  several  days  later  (closed  circles).  The  resulting  thermal 
conductivity  values  were  0.135  and  0.147  W/mK,  respectively. 


HARD-BAKED  PHOTORESIST  FILM  THICKNESS  (^im) 


Figure  3-4.  Measured  thermal  resistances  of  hard-baked  novolac-hased  photoresist  films.  Line  shows  linear  fit 
resulting  in  a  value  of  thermal  conductivity  of  0.184  W/mK.  Note  that  the  films  are  much  thicker  than  the  PMMA 
films  of  Figure  3-3. 
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We  examined  many  different  kinds  of  PECVD  thin  films  as  alternative  membrane  materials.  Be¬ 
sides  low  thermal  conductivity,  there  are  many  other  criteria  for  designing  an  optimum  material  such  as 
high  optical  absorption  in  the  range  8-14  /tm,  excellent  mechanical  strength,  and  process  compatibility 
issues  such  as  chemical  resistance  and  adhesion.  Figures  3-5  and  3-6  show  examples  of  thermal  resistance 
as  a  function  of  film  thickness  for  two  different  plasma-deposited  films  that  have  been  partially  optimized 
with  respect  to  the  aformentioned  criteria.  These  materials  were  deposited  in  a  parallel-plate,  rf-powered 


TETRAMETHYLDISILOXANE  FILM  THICKNESS  (pm) 


Figure  3-5.  Measured  thermal  resistances  of  plasma-deposited  organosilicon  films.  Line  shows  linear  fit  resulting 
in  a  value  of  thermal  conductivity  of  0.287  W/mK,  lower  than  that  for  oxide  but  higher  than  for  the  polymers  of 
Figures  3-3  and  3-4. 


Figure  3-6.  Measured  thermal  resistances  of  plasma-deposited  hard  carbon  films.  Line  shows  linear  fit  resulting 
in  a  value  of  thermal  conductivity  of  0.268  W/mK. 
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plasma  deposition  system  [8], [9].  Figure  3-5  plots  the  thermal  resistance  of  films  deposited  from  an 
organosilicon  compound,  tetramethlydisiloxane.  This  material  has  physical  and  optical  properties  inter¬ 
mediate  between  those  of  silicon  oxide  and  organic  polymers  as  determined  by  ellipsometry  and  Fourier 
transform  infrared  spectroscopy.  Indeed,  the  thermal  conductivity  of  these  films  (0.287  W/mK)  is  a  factor 
of  4  lower  than  that  of  silicon  oxide  or  nitride,  and  ~  2  times  higher  than  that  of  PMMA.  For  comparison, 
the  bulk  value  for  a  similar  silicon-containing  polymer,  poly(dimethysiloxane),  is  0.22  W/mK  [7].  Figure 
3-6  plots  thermal  resistance  vs  film  thickness  for  a  plasma-deposited  amorphous  carbon  material  formed 
under  conditions  of  high  ion  bombardment  energies  (300  V).  These  conditions  yield  a  very  hard  film  as 
measured  by  a  scratch  test.  Note  that  the  thermal  conductivity  is  a  factor  of  2  higher  than  that  of  hard- 
baked  photoresist.  This  result  is  in  agreement  with  a  model  where  mechanical  hardness  relates  to  density, 
and  therefore  to  thermal  resistance. 
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4.  fflGH  SPEED  ELECTRONICS 


4.1  SELF-ALIGNED  PSEUDOMORPHIC  HEMT  WITH  A  LOW-TEMPERATURE- 
GROWN  GaAs  GATE  INSULATOR 

A  GaAs-based  pseudomorphic  high-electron-mobility  transistor  (pHEMT)  with  a  strained  InGaAs 
channel  and  AlGaAs  gate  has  demonstrated  not  only  lower  gate  leakage  current  but  also  higher  speed  than 
conventional  metal-semiconductor  field-effect  transistors  (MESFETs)  and  has  become  the  device  of 
choice  for  GaAs  complementary  logic  circuits  [1].  Even  with  a  side-bandgap  AlGaAs  gate  layer,  the  turn¬ 
on  voltage  of  the  Schottky-barrier  gate  is  still  relatively  small.  The  low  tum-on  voltage  limits  the  logic 
level  and  the  noise  margin,  and  the  gate  leakage  current  under  forward  bias  also  contributes  a  significant 
portion  of  the  power  consumption  in  a  complementary  logic  circuit.  It  has  been  shown  that  replacing 
AlGaAs  with  low-temperature-grown  (LTG)  GaAs  as  the  gate  insulator  produced  a  higher  gate  tum-on 
voltage  in  complementary  metal-insulator-semiconductor  FETs  (MISFETs)  [2].  The  purpose  of  this  work 
is  to  explore  the  feasibility  of  using  LTG  GaAs  as  the  gate  insulator  in  a  pHEMT  thereby  combining  the 
advantages  of  a  very  low  gate  current  and  high  speed  in  a  single  device  suitable  for  integrated  circuits. 

All  the  layers  were  grown  by  molecular  beam  epitaxy  on  3-in.  semi-insulating  GaAs  substrates.  As 
shown  in  Figure  4-1,  the  layer  stmcture  consists  of  a  2000-A-thick  GaAs  buffer,  a  10-A-thick  GaAs  layer 
doped  to  3.5  x  10^^  cm“^,  a  30-A-thick  GaAs  spacer,  and  a  130-A-thick  InQ2GaQgAs  channel  used  to 
adjust  the  threshold  voltage  [3].  The  growth  temperature  was  630°C  for  all  the  layers  except  for  the  LTG 
GaAs,  which  was  grown  at  200°C  and  then  annealed  at  630°C  for  10  min  before  growing  the  AlAs  barrier 
and  GaAs  cap  on  top.  The  AlAs  barriers  are  needed  to  prevent  the  diffusion  of  the  As  precipitates  in  the 
LTG  GaAs  layer  during  implant  annealing  [4].  Because  of  the  relatively  high  growth  temperature,  the 
actual  In  content  in  the  InGaAs  channel  was  slightly  lower  than  the  designed  20%. 
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3.5X  ,0 


2000-A  GaAs 

SEMI-INSULATING 
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Figure  4-1.  Cross-sectional  view  of  the  low-temperature- grown  (LTG)  GaAs  pseudomorphic  high-electron-mobility 
transistor. 
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The  fabrication  started  with  the  deposition  of  1500-A-thick  TiAV  gate  metal  by  sputtering.  The 
0.5-fjm  gate  was  defined  by  optical  lithography  and  then  patterned  by  reactive  ion  etching.  Next,  the 
source  and  drain  regions  were  implanted  with  Si  using  the  TiAV  gate  metallization  as  the  self-aligned 
mask.  The  implant  energy  and  the  dose  for  the  n*  regions  were  80  keV  and  4.0  x  10^^  cm"^,  respectively. 
After  activation  annealing  the  source  and  drain  contact  regions  were  defined  in  photoresist  and  the  gate 
insulator  layers  were  etched  in  the  exposed  ohmic  regions  to  expose  the  InGaAs  channel.  Then  the  Ni/ 
Ge/Au  ohmic-contact  metal  was  evaporated  and  defined  by  liftoff  using  the  same  photoresist  that  was 
patterned  for  etching.  The  ohmic  contact  was  formed  by  alloying  in  a  rapid  thermal  annealing  system. 
Finally,  the  devices  were  isolated  by  proton  implant  and  the  Ti/Au  probing  pads  were  deposited  by  liftoff. 
The  gate  length  and  width  of  the  LTG-GaAs  pHEMT  were  0.5  and  100  iim,  respectively,  and  the  spacing 
between  the  source  and  drain  ohmic  contacts  was  2.5  jUm. 

Figure  4-2(a)  shows  the  typical  drain  current  vs  drain  voltage  characteristics  of  an  LTG- 

GaAs  pHEMT.  It  is  normally  off  with  a  threshold  voltage  of  0.63  V.  The  device  has  a  sharp  pinch- 
off  with  a  subthreshold  slope  of  116  mV/decade,  and  it  shows  no  sign  of  gate  conduction  even  at  3  V 
of  forward  gate  bias.  The  maximum  7^^  is  390  mA/mm  of  gate  width  measured  at  a  gate  bias 
Fgg  =  +3  V.  As  shown  in  Figure  4-2(b),  the  transconductance  peaks  at  =  1.4  V  with  a  value  of 
333  mS/mm.  The  low  output  conductance  in  the  saturation  regime,  9.1  mS/mm  at  =  1.4  V,  suggests 
that  the  conducting  electrons  are  well  confined  for  this  submicron-gate-length  self-aligned  pHEMT.  The 
K  factor,  defined  as  =  K(Vgj-V'j)^,  was  360  mAA^^  mm.  Even  though  in  an  LTG-GaAs  pHEMT  the 
conducting  channel  is  separated  from  the  gate  metal  by  the  LTG-GaAs  insulator,  the  K  factor  is  com¬ 
parable  to  self-aligned  MESFETs  in  which  the  gate  metal  is  placed  directly  on  the  channel  [5], [6].  The 
drawback  of  having  the  gate  metal  away  fi'om  the  channel  in  the  LTG-GaAs  pHEMT  is  probably  com¬ 
pensated  by  the  higher  mobility  and  better  charge  confinement  in  the  InGaAs  channel. 

The  average  sheet  resistance  of  the  implanted  n*  regions  is  430  Q/square,  and  the  specific  contact 
resistance  for  the  ohmic  contact  is  in  the  low  10^  Q  cm^  range.  The  relatively  high  sheet  resistance 
indicates  that  the  implant  and  the  annealing  schedules  need  to  be  improved.  Because  of  the  self-aligned 
configuration  and  a  short  somce-drain  spacing,  a  low  drain-source  on-resistance  of  1.6  Q  mm  and  a  knee 
voltage  of  only  0.7  V  at  390  mA/mm  are  obtained.  Even  with  the  relatively  high  sheet  resistance,  the 
drain-source  on-resistance  and  the  knee  voltage  are  already  lower  than  those  in  a  conventional  recessed- 
gate  pHEMT  with  0.1 -Tim  gate  length  [7]. 

As  a  result  of  the  high-resistivity  LTG-GaAs  gate  insulator,  the  gate  current  measures  only 
5  nA//im^  at  1  V  of  forward  gate  bias.  The  gate  forward  tum-on  voltage,  defined  as  the  gate  voltage  at 
which  /gj,  =  1  TtA/jum^,  is  1.78  V,  which  is  slightly  higher  than  that  of  the  1-jum-gate-length  heterostructure 
insulated  gate  (HIG)  FET  with  an  AlGaAs  gate  layer  [3].  The  9.8-V  reverse  breakdown  voltage  is  high 
considering  that  there  is  no  lightly  doped  drain  region  which  is  necessary  for  a  self-aligned  MESFET  [8] 
and  it  is  also  higher  than  the  6  V  of  the  HIGFET  used  for  RF  power  amplifiers  [9].  Without  the  use  of 
an  AlGaAs  or  an  LTG-GaAs  buffer  layer,  the  off-state  drain-source  leakage  current,  measured  at  Vg^  = 
0  V  and  =  +2  V,  is  only  60  nA  for  a  lOO-Ttm-wide  LTG-GaAs  pHEMT. 

For  a  100-jum-wide  LTG-GaAs  pHEMT  with  0.5-T/m  gate  length,  the  unity  current  gain  cutoff  fre¬ 
quency /j.  obtained  from  measured  scattering  parameters  was  14.3  GHz  at  =  3  V  and  Vg^  =  1.4  V.  The 
estimated  electron  mobility  in  the  channel  is  4100  cm^/V  s  with  a  sheet  charge  density  of  2.5  x  lO^^cm'^. 
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Figure  4-2.  DC  characteristics  of  the  LTG-GoAs  metal-insulator-semiconductor  field-^ect  transistor  with  lOO-fim- 
wide  gate:  (a)  with  top  =  3  V,  and  (b)  and  as  a  function  of  at  y^s  =  1-5  y- 
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A  pHEMT  with  an  LTG-GaAs  gate  insulator  is  reported  for  the  first  time.  The  significance  of  this 
work  is  the  demonstration  that  LTG  GaAs  can  replace  AlGaAs  in  a  complicated  device  stmcture,  such 
as  a  pHEMT.  Even  without  optimization,  the  potential  benefit  of  using  the  LTG  GaAs  has  become 
obvious.  The  LTG-GaAs  pHEMT  is  normally  off  and  no  gate  recess  is  needed.  The  low  gate  current, 
sharp  pinch-off,  and  low  knee  voltage  along  with  a  high  and  K  factor  make  it  ideal  for  low-voltage 
direct-coupled  digital  circuit  applications.  In  addition,  because  of  the  high  drain  current  and  breakdown 
voltage,  the  normally  off  LTG-GaAs  pHEMT  is  also  suitable  for  low-voltage,  high-efficiency  power 
amplifiers  with  a  single  supply  for  wireless-communication  applications.  The  material  growth  and  fab¬ 
rication  can  be  further  improved  to  reduce  the  gate  leakage  current  and  increase  the  mobility  in  the 
InGaAs  channel.  Complementary  LTG  pHEMTs  are  possible  based  on  the  similarities  between  the  n- 
channel  device  reported  here  and  complementary  HIGFETs  and  LTG-GaAs  MISFETs  [2]. 
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5.  MICROELECTRONICS 


5.1  128  X  128-PIXEL  CHARGE-COUPLED  DEVICE  IMAGER  AND  CAMERA 

ELECTRONICS 

A  128  X  128-pixel  charge-coupled  device  (CCD)  imager  and  the  corresponding  camera  electronics 
have  been  developed  for  use  in  a  visible  wavefront  sensor.  The  wavefront  sensor  is  one  of  the  components 
in  an  adaptive  optics  system  that  is  being  developed.  This  report  describes  the  performance  and  features 
of  the  CCD  imager  and  camera  electronics. 

Figure  5-1  shows  a  schematic  and  photograph  of  the  128  x  128-pixel  CCD  imager,  which  features 
high  sensitivity  and  low  noise  at  high  frame  rate.  This  imager  has  a  split  frame-transfer  architecture  that 
enables  16  readout  amplifiers  to  be  located  around  the  chip  and  reduces  the  time  required  to  transfer  an 
image  into  the  frame  store  regions.  Each  of  the  16  ports  is  responsible  for  output  of  a  16  x  64-pixel 
section  of  the  full  128  x  128-pixel  image.  The  multiple  output  ports  reduce  the  pixel  frequency  per  port 
for  a  given  frame  rate,  thereby  reducing  readout  noise.  The  readout  noise  at  1  MHz  has  been  measured 
at  4.5  e“rms  while  at  the  maximum  pixel  rate  of  4  MHz  the  noise  is  7.5  e~.  Back  illumination  of  the  CCD 
imager  [1]  results  in  sensitive  light  detection  over  the  visible  spectrum  with  quantum  efficiencies  as  high 
as  90%  in  the  500-  to  700-nm  band.  The  CCD  imagers  also  contain  an  integrated  electronic  shutter  [2] 
with  switching  times  of  ~  50  ns  and  an  extinction  ratio  value  (signal  detected  shutter  opened  to  shutter 
closed)  of  10'^  for  wavelengths  below  540  nm. 
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Figure  5-7.  Schematic  and  photograph  of  a  128  x  128-pixel  charge-coupled  device  imager  with  a  split  frame 
architecture  and  16  readout  amplifiers. 
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Figure  5-2.  Photographs  of  multilayer  printed  circuit  boards  that  constitute  the  electronic  board  set  Not  shown 
in  this  particular  view  is  the  timing  board. 


Figure  5-2  shows  photographs  of  the  camera  system  that  uses  the  CCD  imager  just  described.  This 
system  consists  of  a  128  x  128-pixel  back-illuminated  CCD  imager  and  three  multilayer  printed  circuit 
boards.  The  board  set  provides  all  the  digital  timing  and  analog  drive  and  post-processing  circuitry 
necessary  to  operate  the  CCD.  The  board  that  contains  the  CCD  also  has  16  analog  circuit  chains  (one 
for  each  of  the  CCD  output  ports)  used  for  amplifying  the  raw  video  signal  and  removing  the  reset  noise. 
The  analog  chain  also  includes  low-pass  filtering  that  has  three  selectable  bandwidths  optimized  for 
frequencies  of  1,  2,  and  4  MHz.  Another  board  contains  the  state  machine  and  addressable  memory  that 
creates  all  the  necessary  timing  information  to  operate  the  CCD  under  various  conditions.  The  last  board 
has  the  analog  level  shifters  needed  for  translating  the  digital  signal  from  the  timing  board  into  clock 
levels  appropriate  for  the  CCD  imager.  The  camera  system  operates  at  700  frames  per  second  at  a  read 
noise  of  4.5  rms  and  has  a  maximum  frame  rate  of  2500. 

The  camera  system  has  several  modes  of  operation.  These  modes  include  combinations  of  row  and 
column  binning  to  increase  the  frame  rate,  and  signal  and  image  array  flushing  to  provide  very  short 
integration  times.  The  state  machine  that  generates  the  timing  sequences  is  a  programmable  logic  device 
(PLD).  The  PLD  chip  addresses  a  set  of  EPROMS  that  produce  the  TTL  signals  required  to  operate  the 
CCD  imager  and  also  to  interface  with  the  user  electronics.  The  camera  system  has  a  dynamic  range  of 
66-72  dB  or  an  equivalent  digital  dynamic  range  of  11-12  bits.  The  dynamic  range  of  the  system  is 
limited  by  the  track-and-hold  circuit  used  to  do  the  correlated-double  sampling. 
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6.  ANALOG  DEVICE  TECHNOLOGY 


6.1  NEW  SELF-ALIGNED  PLANAR  RESONANT-TUNNELING  DIODE 
PROCESS  FOR  MONOLITHIC  CIRCUITS 

The  high-speed  nonlinear  properties  of  resonant-tunneling  diodes  (RTDs)  enable  a  number  of 
extremely  fast  circuits,  including  standard  logic  elements  of  reduced  complexity  as  compared  with  tran¬ 
sistor  logic  families.  To  reach  the  promised  potential  of  these  circuits  for  low-power  operation  at  clock 
frequencies  of  many  gigahertz,  tight  control  over  the  peak  current  of  individual  RTDs  is  required.  This 
translates  into  control  over  both  the  wafer  uniformity  of  the  RTD  layers  and  the  effective  areas  of  the 
individual  RTDs.  This  report  describes  the  results  of  the  first  test  wafers  fabricated  using  a  new  process 
designed  to  improve  the  control  over  the  effective  area  by  using  a  self-aligned  implant  method  to  define 
the  RTDs,  and  incorporating  a  contact  to  the  buried  terminal,  effectively  creating  a  planar  structure. 

RTDs  are  based  on  vertical  current  flow  through  an  epitaxial  layer  stmcture.  A  typical  stmcture, 
and  the  one  we  report  on  here,  is  grown  by  molecular  beam  epitaxy  (MBE)  on  semi-insulating  (SI)  GaAs 
and  consists  of  an  In^Ga^_2As  layer  sandwiched  between  two  AlAs  layers,  forming  a  quantum  well  that 
gives  rise  to  the  nonlinear  current- voltage  (I-V)  relationship.  An  RTD  I-V  curve,  as  shown  in  Figure  6-1, 
includes  a  region  of  negative  differential  resistance  (NDR).  The  devices  are  characterized  by  a  peak 
current  (the  maximum  current  below  the  NDR  region),  a  valley  current  (the  minimum  current  above  the 
NDR  region),  and  the  voltages  associated  with  those  currents.  Individual  RTDs  are  created  by  restricting 
current  flow  to  limited  areas,  and  their  I-V  and  capacitance  properties  depend  on  both  the  local  properties 
of  the  epitaxial  layers  and  the  effective  area  of  the  RTD. 
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Figure  6-1.  Typical  resonant-tunneling  diode  (RTD)  current-voltage  (TV)  curve. 
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The  conventional  RTD  fabrication  process  is  based  on  mesa  isolation,  resulting  in  a  column  of 
material  with  an  ohmic  contact  on  the  top  and  an  embedded  RTD  layer  of  limited  area.  Ohmic  metal 
deposited  in  the  etched  region  provides  contact  to  the  lower  side  of  the  vertical  RTD.  As  the  two 
terminals  are  at  different  heights,  circuit  connections  require  a  planarization  technique,  which  adds  pro¬ 
cess  steps  and  can  be  a  source  of  reduced  circuit  yield.  More  recently,  a  combination  of  wet  etch  (on  three 
sides  of  the  RTD)  and  proton-implant  isolation  (on  the  remaining  side)  has  been  used  to  ease  the  problem 
of  making  circuit  connection  to  the  small  top-side  ohmic  contact.  A  significant  problem  in  mesa-isolation 
RTDs  is  the  uncertainty  in  device  area  resulting  from  variability  in  the  wet-etch  process.  This  leads  to 
significant  nonuniformity  of  device  I-V  characteristics  across  the  wafer. 

We  have  developed  a  new  self-aligned  planar  process,  based  on  ion  implantation,  to  overcome  the 
difficulties  of  wet-etch  RTD  fabrication.  The  device  geometry  is  shown  in  Figiure  6-2.  The  RTD  layers  are 
grown,  as  before,  on  an  SI  substrate.  Two  ion  implants,  both  of  which  convert  the  semiconductor  material  to 
SI,  are  used:  a  shallow  boron  implant  to  define  the  individual  RTDs  and  a  deep  proton  implant  to  provide 
isolation  between  devices.  By  careful  design  of  both  the  energy  and  dose,  the  boron  implant  converts  the 
material  from  the  surface  down  to  a  level  just  below  the  RTD  layers,  leaving  a  conducting  n"*"  layer  above  the 
SI  substrate  for  lateral  conduction.  The  process  is  self-aligned  in  that  the  patterned  ohmic-contact  metal  acts 
as  the  mask  for  the  boron  implant,  and  its  shadow  defines  the  RTD  area. 
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Figure  6-2.  Planar  self -aligned  implant-defined  RTD  process,  illustrated  by  surface  scanning  electron  micrograph 
with  schematic  cutaway  of  structure. 
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To  create  an  RTD  with  planar  contacts,  two  regions  of  ohmic-contact  metal  are  patterned  on  the 
substrate  surface  in  close  proximity.  Both  block  the  boron  implant,  preserving  the  conducting  material 
below.  The  smaller  metal  region  defines  the  RTD;  the  larger  metal  region  defines  a  contact  to  the  buried 
layer.  Technically,  the  larger  metal  region  also  defines  an  RTD;  however,  because  its  area  is  many 
times  larger,  it  remains  biased  in  the  nominally  ohmic  region  below  its  peak  current  for  all  voltages 
normally  encountered  in  its  intended  application.  A  subsequent  proton  implant  surrounds  pairs  of  RTDs 
and  contacts  with  SI  material  for  device-to-device  isolation. 

A  set  of  test  wafers  was  fabricated  to  evaluate  the  new  process,  test  various  device  geometries,  and 
derive  design  rules.  The  design  consisted  of  6  X  10-mm  chips  repeated  across  a  3-in.  wafer.  While  the 
metal  defining  all  of  the  RTDs  was  nominally  square,  two  types  of  contacts  were  investigated:  square 
and  U-shaped  (half  of  a  U-shaped  contact  is  shown  in  Figure  6-2).  Each  chip  included  various  sizes  of 
RTDs  and  contacts,  as  well  as  variation  in  spacing  between  them.  They  contained  groups  of  60  identical 
RTDs  with  both  square  and  U-shaped  contacts  to  study  uniformity.  Chips  also  included  many  other  test 
devices:  RTDs  with  Schottky  contacts,  saturated  resistors  (gateless  FETs),  interconnect  test  structures, 
and  several  process  evaluation  structures. 

The  test  chips  were  fabricated  on  RTD  wafers  grown  by  gas-source  molecular  beam  epitaxy  (MBE) 
on  3-in.  SI  GaAs  substrates.  The  RTD  layers  consisted  of  an  In(14%)Ga(86%)As  well  between  two  AlAs 
barrier  layers.  Above  and  below  the  barriers  was  250  nm  of  1  x  10^^  GaAs.  Above  the  upper  layer,  a 
graded  InGaAs  layer  was  grown  to  allow  a  nonalloyed,  nongold  ohmic  contact,  as  required  to  permit  the 
fabrication  of  these  circuits  in  our  Microelectronics  Laboratory.  (In  areas  where  a  Schottky  contact  is 
required,  that  ohmic  layer  was  etched  away  prior  to  A1  deposition;  that  is,  both  ohmic  contacts  and 
Schottky  contacts  are  formed  during  a  single  metal  deposition.)  The  RTD  peak-current  density  of  these 
wafers  was  found  to  be  6-7  kA/cm^  with  a  current  peak-to-valley  ratio  of  4. 

An  etched  Ti-W-Al  process,  conunon  to  silicon  processing,  was  used  for  the  RTD-mask/ohmic- 
contact  layer.  After  the  implants,  a  second  aluminum  layer  was  deposited  and  patterned  to  provide  probe 
pads  and  connections  to  the  various  test  devices.  An  important  feature  of  the  test  chips  is  the  layout  of 
probe  pads  to  permit  automatic  probing  of  the  thousands  of  devices  on  the  wafer.  This  allowed  for 
computer-controlled  acquisition  and  evaluation  of  a  large  amount  of  data.  As  a  consequence,  the  device 
density  is  low,  with  an  average  separation  of  175  /Jm. 

The  uniformity  of  RTD  peak  currents  is  of  primary  importance  for  the  proper  functioning  of  most 
RTD  binary  circuits.  Locally,  the  RTDs’  peak  currents  must  be  consistently  within  a  narrow  range. 
Measurements  of  the  I-V  relations  taken  from  the  groups  of  60  identical  RTDs  are  a  useful  indication  of 
the  consistency  of  this  fabrication  process.  Comparing  the  average  peak  currents  of  these  groups  from 
various  chips  provides  a  measure  of  the  wafer  uniformity  of  the  RTD  layers. 

Figure  6-3  shows  a  histogram  of  the  peak  currents  for  one  such  set  of  60  RTDs.  The  nominal  area 
of  the  RTDs  is  2  X  2  /im.  The  standard  deviation  is  calculated  to  be  2.3%.  This  is  to  be  compared  to  an 
estimated  standard  deviation  of  6.4%  for  the  previous  fabrication  technique  (using  a  combination  of 
proton  implant  and  wet  etch  to  define  the  RTDs). 
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Figure  6-3.  Chip  level  device  uniformity  illustrated  by  histogram  of  peak  currents  from  60  neighboring  (2  X  2 -mm 
area)  2  x  2- pm  RTDs  of  identical  layout.  The  inset  shows  an  overlay  of  I-V  curves  of  the  same  60  RTDs. 


To  illustrate  the  impact  of  improving  the  peak-current  uniformity,  we  studied  the  relation  between 
the  range  of  peak  currents  that  allows  for  proper  operation  and  the  upper  limit  on  the  clock  frequency 
for  various  RTD  logic  gates.  While  even  perfectly  made  circuits  would  have  a  well-defined  clock  fre¬ 
quency  maximum,  variations  in  the  RTDs’  peak  currents  from  their  ideal  values  can  be  accommodated 
by  operating  the  circuit  at  a  lower  clock  frequency.  Figure  6-4  shows  the  results  of  calculations  that  relate 
the  standard  deviation  of  the  RTD  fabrication  process  to  the  estimated  circuit  yield  for  circuits  containing 
10,  100,  and  1000  XORs  operating  at  40%  of  their  maximum  clock  frequency.  (Calculations  have  been 
carried  out  for  all  the  basic  logic  gates;  the  XOR  gate  is  the  most  demanding  in  terms  of  margins  and 
has  the  lowest  maximum  clock  frequency  of  these  gates.)  For  a  standard  deviation  of  6.4%,  a  circuit 
containing  only  10  XORs  would  have  an  estimated  yield  of  only  a  couple  of  percent,  while  for  a  2.3% 
standard  deviation,  the  estimated  yield  of  that  circuit  goes  up  to  90%,  and  a  circuit  containing  100  XORs 
could  have  a  yield  of  almost  50%.  This  demonstrates  that  the  recently  developed  RTD  fabrication  process 
is  sufficient  for  constructing  modest-size  signal  processing  circuits.  As  shown,  the  maximum  allowable 
circuit  complexity  increases  rapidly  as  device  uniformity  is  improved  below  2%  standard  deviation.  We 
expect  further  improvements  in  uniformity  as  this  process  matures. 

R.  H.  Mathews  C.-L.  Chen 

J.  P.  Sage  P.  A.  Maki 

T.  C.  L.  G.  Sollner 
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Figure  6-4.  Estimated  circuit  yield  as  a  function  of  standard  deviation  in  RTD  peak  currents  for  various  levels 
of  circuit  complexity  based  on  calculations  for  an  XOR  gate. 
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7.  ADVANCED  SILICON  TECHNOLOGY 


7.1  1.3-GHz  SILICON-ON-INSULATOR  CMOS  TEST  CHIP  FOR  A 

SUPERCONDUCTIVE  COMPRESSIVE  RECEIVER 

The  Analog  Device  Technology  group  at  Lincoln  Laboratory  has  been  developing  a  compressive 
receiver  system  based  on  high-critical-temperature  superconducting  delay  lines  used  as  chirp  filters  [1]. 
Incoming  signals  are  mixed  with  a  swept  local  oscillator  and  then  passed  through  the  superconducting 
chirp  filter.  Continuous  frequencies  in  the  input  signal  emerge  as  compressed  pulses,  where  the  delay  of 
the  pulse  relative  to  the  start  of  the  sweep  is  a  linear  function  of  the  incoming  signal’s  frequency.  The 
chirp  filter  output  is  envelope  detected,  log  amplified,  and  then  sampled  at  3.2  G-samples  per  second.  The 
utility  of  such  a  receiver  depends  on  the  availability  of  fast,  low-power  digital  electronics  for  processing 
the  samples  of  the  compressed  pulses. 

The  Lincoln  Laboratory  SOI  CMOS  process  with  0.25-jUm  gate  lengths  seemed  to  meet  the  require¬ 
ments,  so  a  test  chip  was  made,  as  part  of  a  multiproject  wafer  run,  to  demonstrate  the  suitability  of  this 
process  for  the  compressive  receiver.  The  test  chip  was  not  a  prototype  of  the  pulse  processor,  but  it 
contained  circuits  of  the  type  that  would  be  needed  in  pulse  processing;  shift  registers,  binary  compara¬ 
tors,  and  FIFO  storage.  There  was  enough  complexity  (5000  transistors)  to  give  some  confidence  about 
process  yield.  The  design  also  featured  onboard  decoupling  capacitors  and  self-testing  circuits,  which 
together  allowed  the  test  chip  to  be  exercised  at  clock  rates  above  1  GHz  on  a  probe  tester  capable  of 
only  20  MHz. 

A  schematic  of  the  test  chip  is  shown  in  Figure  7-1.  The  test  chip  accepts  8-bit  data  into  its  16- 
stage  shift  register.  Then  it  shifts  the  data  into  a  16- word  FIFO.  As  the  data  is  shifted  past  the  comparators 
(labeled  C),  two  adjacent  words  are  compared  and  the  1-bit  result  of  the  comparison  is  also  stored  in  the 
FIFO.  Finally,  the  FIFO  is  read  out  to  the  output  pins.  There  are  externally  controllable  options  to  store 
only  words  for  which  the  comparison  succeeds  or  to  output  the  last  stage  of  the  shift  register  rather  than 
the  FIFO  output  bus.  The  FIFO  is  always  read  out  with  the  external  unload  signal,  but  the  clocking  of 
the  shift  register  and  the  loading  of  the  FIFO  can  be  done  with  either  an  external  clock  or  the  fast  internal 
clock.  The  internal  clock  is  derived  from  an  on-chip  ring  oscillator,  selectable  to  have  3,  5,  9,  or  15  stages. 
In  addition  the  user  can  select  xl,  x2,  or  x4  frequency  division.  These  selections  were  designed  to  give 
a  clock  range  of  0.20-2.36  GHz  with  a  2.0-V  power  supply.  The  clock  frequency  is  divided  by  1024  to 
drive  an  output  pin  for  monitoring  the  actual  clock  frequency. 

The  chip  is  tested  at  high  speeds  by  first  loading  its  shift  register  with  the  test  data  at  low  speed, 
using  the  external  clock.  Then  the  FIFO  is  reset,  producing  a  single  “1”  in  the  leftmost  position  of  both 
the  “insel”  and  “outsel”  registers.  Next  the  fast  internal  clock  is  selected.  Each  clock  pulse  shifts  the  8- 
bit  values  along  the  shift  register,  past  the  comparator,  and  to  the  FIFO  input.  On  each  clock  for  which 
loading  is  enabled,  the  single  “1”  in  the  “insel”  register  causes  the  loading  of  the  FIFO  input  data  into 
the  currently  selected  position  and  then  is  shifted  right  to  select  the  next  position.  When  the  “1”  is  shifted 
off  the  right  end  of  the  “insel”  register,  no  further  writing  occurs  in  the  FIFO,  even  though  the  clock  is 
still  running.  Finally  the  FIFO  is  read  sequentially  to  the  output  pins  by  the  slow,  external  “unload” 
signal.  In  this  way  fast  internal  operation  of  the  test  chip  is  achieved  without  any  fast  clocks  or  data 
streams  passing  through  the  package  pins. 
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Figure  7-1.  Silicon-on-insulator  CMOS  test  chip  for  compressive  receiver. 


However,  when  the  fast  internal  clock  is  being  used,  there  is  still  one  possibility  of  a  fast  “signal” 
at  the  package  pins,  namely,  the  current  transients  drawn  from  the  power  supply.  The  decoupling  capaci¬ 
tors,  Figure  7-2,  were  designed  to  supply  any  surges  in  current  from  on  the  chip,  bypassing  any  series 
impedance  of  the  power  pins.  Four  capacitors  are  distributed  around  the  chip,  with  a  total  capacitance  of 
480  pF.  This  large  a  capacitance  could  not  be  achieved  with  metal-to-metal  or  metal-to-poly  capacitance, 
because  the  dielectric  is  too  thick,  on  the  order  of  hundreds  of  nanometers.  Instead  the  gate  oxide  (8  nm 
thick)  was  used  as  a  dielectric.  The  plates  of  the  capacitor  are  the  lower  surface  of  polysilicon  (positive) 
and  an  accumulation  layer  at  the  top  of  n-doped  silicon  (negative).  Because  the  sheet  resistance  of  the 
accumulation  layer  is  so  high,  the  necessary  low  series  impedance  of  the  capacitor  was  achieved  by  a  two- 
dimensional  grid  of  metal  1  contacts  on  3.25-jUm  centers  to  n''‘-doped  silicon  abutting  the  accumulation 
layer  regions.  In  each  five-by-five  portion  of  this  grid  of  contacts,  two  are  missing,  replaced  by  a  single 
contact  from  the  polysilicon  plate  of  the  capacitor  to  metal  2.  This  is  sufficient  because  the  sheet 
resistance  of  the  silicided  polysilicon  is  much  lower  than  that  of  the  accumulation  layer. 
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Figure  7-2.  Cross  section  of  decoupling  capacitor;  four  capacitors  are  distributed  around  the  chip. 


To  be  effective  as  decouplers  the  capacitors  must  have  an  area  of  gate  oxide  greatly  exceeding  the 
combined  gate  area  of  all  the  logic  transistors  that  could  be  switching  at  emy  one  time.  Therefore  the 
capacitors  are  the  places  most  likely  to  have  a  short  in  the  gate  oxide.  Any  such  short  would  be  directly 
across  the  power  rails.  Thus,  the  connection  of  one  end  of  the  capacitor  to  its  power  rail  was  designed 
to  be  cuttable  by  laser.  No  such  cutting  was  needed  during  the  testing  of  the  chips. 

The  chip  was  tested  on  a  wafer  prober  in  the  procedure  described  above:  load  data  slowly;  shift, 
compare,  and  load  FIFO  fast;  unload  FIFO  slowly.  At  each  choice  of  power  supply  voltage,  increasingly 
higher  operating  fi-equencies  were  selected  from  the  discrete  set  of  frequencies  selectable  for  the  internal 
clock.  The  lower  curve  in  Figure  7-3  plots  the  highest  frequency  at  which  the  circuit  performed  correctly 
the  comparison  and  the  transfer  ft-om  the  shift  register  to  the  FIFO.  The  upper  curve  plots  the  highest 
frequency  for  which  the  transfer  succeeded,  but  the  comparison  had  some  failures.  At  2.6  V,  full  opera¬ 
tion  occurred  at  1.34  GHz.  At  the  design  voltage,  2.0  V,  1.02-GHz  operation  was  achieved,  in  good 
agreement  with  HSPICE  simulations. 

R.  Berger 
A.  M.  Soares 
W.  G.  Lyons 
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Figure  7-3.  Compressive  receiver  test  circuit  results. 
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